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FORETJORD 
The roain part of t h i s thesis describes the 
investigation of apace-charge movements i n convective 
\yeather. Measurements i n other weather conditions/ 
which were made as'the opportunity allowed, are 
described i n chapters 7 to 9. A l l the experiments, 
however, were concern®! with the movement of space charge. 
Throughout the t h e s i s , the sign of the atmospheric 
potential gradient i s taken as positive i f a small 
positive charge would tend to move towards the Earth. 
The terra " f i e l d " i s not used where i t s sign i s important. 
Currents are taken as positive i f they tend to neutralize 
the Earth's charge, i . e . transfer positive charge 
downwards or negative charge upwards, and space-charge 
density gradients as positive i f the positive charge 
density increases upwards or negative charge density 
increases downwards. These conventions are consistent i n 
that a |>ositive potential gradient gives a positive 
conduction current, and a positive density gradient a 
positive convection current. The usual fine-weather day-
time conditions give a positive conduction current and 
probably a negative convection current. In dynamic 
meteorology, the upwards direction i s taken as positive. 
The term "convection current" i s only used to 
denote the transfer of e l e c t r i c charge by convection. 
Readers unfamiliar with the subject of turbulent 
transfer may find the reviews by Priestley (1959) and 
Webb (1964) useful introductions. 
Rationalized MKS units are used exclusively i n 
the t h e o r e t i c a l work, and i n roost other cases, although 
I have broken t h i s r u l e vdiere common sense demanded, 
e.g. to express a length i n cm. I have also respected 
the custom i n i c e work of measuring charges i n 
e l e c t r o s t a t i c u n its, The following conversion factors 
may be found useful. 
1 e cm~^ « 0,16 pC m'"' 
125 e cm*"' «= 20 pC m"^  
250 e cm""^  « 40 pC m"^  
1 esu = 3.33 X lo'^^ C 
1 esu gm = 0.33 jiC kgm 
"Vibrating-Reed Electrometer" i s usually abbreviated 
to "V.R.E." 
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ABSTRACT 
Theories of convection below cloud-base are 
reviewed, together with experimental techniques and 
evidence. I t i s concluded that, over land i n sunny 
weather, a forced convection layer i s probably overlain 
by one i n which the heat flux i s carried by buoyant 
plumes ^ i c h may change t h e i r form a t a few hundred 
metres. 
I f space charge i s considered as carried by a i r 
movement, the convection current i ^ i n forced convection 
i s given by 
\diere k i s von Karman's constant, z the height, u the 
mean horizontal wind-speed, and crthe space-charge density. 
In free convection 
[rpcr/ 
where h i s a number equal to about 0.9, H the heat flux, 
T the absolute temperature, Cp the s p e c i f i c heat and f> 
the density of a i r , and g the acceleration due to gravity. 
Buoyant plumes w i l l probably have space-charge density 
excesses, of magnitttde much le s s than 1 pC m~^ . 
Measurements of space-charge density with f i l t r a t i o n 
apparatus show pulses la s t i n g about 40 s, and about 
40 pC m"^ high: these seem to be associated with 
free convection, but are probably not coincident with 
buoyant elements. The hori2sontal diameters and 
separations of the pulses are proportional to w i i K l -
The turbulence theory could be used to determine 
the charge given to the a i r by melting i c e by 
measuring the space-charge density gradient over 
melting snow, A ca l c u l a t i o n from e a r l i e r r e s u l t s gives 
a charge of about 0.16 yC kgrn"^ melted, similar to " 
values obtained by other methods. 
Measurements of potential gradient near a small 
group of deciduous trees i n stormy weather are 
provisionally explained i n terms of point discheurge, 
starti n g at about 1000 V m"''" and reaching 0.5 ^ at 
1650 V m"-*-. 
Observations i n fog show negative space charge 
originating at power l i n e s , confirming e a r l i e r work, and 
suggest the use of space charge measurements to study 
atmospheric diffusion from a point source. 
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LIST OF SYMBOLS 
Constants without particular significance are not 
l i s t e d . Where the meaning of a symbol changes from 
chapter to chapter, the chapter number i s given i n 
brackets before the mesming. 
B Buoyancy factor 
C (5) F i e l d m i l l stator-earth capacitance 
Cp Specific heat at constant pressure 
D (4) Diffusion coefficient of ions 
d (8) Horizontal distance of f i e l d m i l l from 
discharging point 
e Electronic charge 
F (1) Radial turbulent potential heat flux; 
(2- ) Potential gradient 
f F i e l d m i l l signal frequency 
g Acceleration due to gravity 
H Heat flux 
H* Dimensionless heat flux 
h (8) Height of discharging point 
I Stator-earth current 
i Total air-earth current; (8) Point-discharge 
current 
Conduction current 
ig Convection current 
Momentum turbulent transfer coefficient 
Kg Charge turbulent transfer coefficient 
k (2 & 7) Von Karman's constant; (4) Boltzmann*s 
constant; (8) radius of diffusing plume 
ai'stahce srom o r i g i n 
w (i) Velocity i n z direction; (4) 
Mobility of ions 
Wj^  Mobility of positive small ions 
Wj Mobility of negative small ions 
x Horizontal measurement 
2 V e r t i c a l measurement 
2^ Roughness length 
r» Dry adiabatic lapse rate 
U Permittivity of free space 
9 potential temperature 
/I Ratio of horizontal and v e r t i c a l r a d i i i n 
a bubble 
^ Kinematic v i s c o s i t y of a i r 
I? Density of a i r 
o- Space-charge density 
X V e r t i c a l turbulent shear s t r e s s (e= mcmenttan 
flux) 
0 Angle 
X Nuclei concentration 
<o Angular signal frequency 
SUFFIXES 
e environmental value 
m maximimi value 
' excess over environment 
L (1 & 2) Obukhov's length scale; (7) 
latent heat of melting of i c e 
1 (4) Length of tube; (6) Intersection 
length of pulse 
n (5) F i e l d - m i l l frequency i n r.p.m. 
n^ ^ Density of a l l positive ions 
n2 Density of a l l negative ions 
n^j^ Density of positive small ions 
n^2 Density of negative small ions 
P Cbiumnar resistance of atmosphere 
Q (2) Radial space-charge flux; (4) Gas flow-
rate 
R (1 & 2) Horizontal radius of buoyant element; 
(5) Stator-earth resistance 
R^ . Richardson's number 
R^ (1 & 2) Most probable value of R 
r (1 & 2) Horizontal distance from centre of 
buoyant element; (8) Radius of diffusing 
plume 
S Charge released per kilogram of melting snow 
("specific charge") 
T Absolute temperature 
T^ Temperature scale value 
t : (6) Half-peak duration of pulse 
u Velocity i n x direction 
Uj, Radial v e l o c i t y 
u Mean wind-speed over h a l f hour 
u^ F r i c t i o n velocity 
V (2) Potential of Electrosphere; (5) Signal 
voltage on stator; (8) Plate-earth voltage 
V^ (8) Threshold value of V o 
^ (5) Stator signal voltage at ** 00 
CHAPTER 1 
CONVECTION BELOW CLODD-BASE 
1.1 Introduction 
The recognition of convection as a mode of heat 
transfer i n f l u i d s came eight years after Montgolfier's 
f i r s t use of i t for f l i g h t . Archimedes was tr a d i t i o n a l l y 
the f i r s t to understand vdiy an object placed i n a liqu i d 
r i s e s to the surface i f i t s weight i s l e s s than that of 
an equal volume of water, but i t was not u n t i l 1797 that 
Rumford (1870) discovered that t h i s phencstienon could 
transfer heat through a f l u i d , when the "immersed body" 
was a volume of the same f l u i d at a different temperature. 
Wis now c a l l t h i s form of heat transfer "buoyant convection" 
or "free convection". I t i s to be distinguished from 
"forced convection", v^ich i s also heat transfer by bulk 
movement of the f l u i d , but occurring %flien the motion i s 
imposed not by buoyancy but by some other force, such as 
shear st r e s s ^ when a velocity gradient occurs i n the f l u i d . 
As w i l l be shown, forced convection i s also an important 
factor i n atmospheric heat transfer, but for the remainder 
of t h i s chapter the word "convection" on i t s own w i l l be 
used to mean free convection. 
The problem of atmospheric convection i s b a s i c a l l y this: 
BECTlOll 
2. 
Of the sun's radiation incident on the Earth, only about 
13% i s d i r e c t l y absorbed by the troposphere, con^ared with 
about 48% which i s absorbed by the ground. Part of th i s 
48% i s used i n evaporating moisture, or i n photosynthesis, 
but much i s transferred to the f i r s t few metres of the 
atmosphere by radiation and conduction. This heat i s 
distributed to the r e s t of the atmosphere by free and 
forced convection: what i s the r e l a t i v e in^ortance of 
these modes, vdiat i s the form of the buoyant convective 
elements, and what factors affect then? 
This chapter reviews the methods of investigation and 
the present evidence on these questions. The experimental 
study described i n l a t e r chapters concerns only the lowest 
few metres of the atmosphere, but t h i s survey i s necessary 
not only to set the measurements made i n t h e i r context i n 
o 
regard to the r e s t of the tropsphere, but also because 
A 
s i m i l a r measurements made by other workers have been 
interpreted i n terms of, for example, c e l l u l a r structure 
i n the whole region below cloud-base, and t h i s must 
therefore be reviewed. 
1.2 The Nature of the Evidence 
Direct measurements of the most in^ortant two 
parameters i n determining convective structure, temperature 
gradients and v e r t i c a l a i r velocity, can only be made from 
3. 
instruments on an a i r c r a f t or on a structure attached 
to the ground, although much information can be gained 
f r c H a i n d i r e c t methods* Before the main theories of 
convection are compared, the methods of gaining evidence 
for them must be mentioned. 
1«2.1 iPowered a i r c r a f t 
These provide the best evidence available of 
atmospheric structure above a few tens of metres. 
Temperature and humidity can be measured with probes, and 
v e r t i c a l a i r velocity by detecting the v e r t i c a l 
acceleration of the a i r c r a f t . By using quick-response 
apparatus, features two or three metres i n diameter can 
be resolved. This method has the advantage of allowing a 
survey of a f a i r l y large area quickly, and comparisons can 
be made of the thermal structure over different surfaces, 
for example. Although the measurements are r e l i a b l e , the 
picture a f l i g h t gives i s b a s i c a l l y one--dimensional, along 
the l i n e of f l i g h t . Attempts have been made to overcome 
t h i s . I t i s possible, for example, to t r y to detect the 
same thermal structures at several heights by flying along 
a constant heading, and then returning to a point more or 
le s s above the starting-point while allowing the a i r c r a f t 
to d r i f t with the wind, and then flying back along the 
or i g i n a l heading. (This method was adopted, for example, by 
4. 
Grant (1965)). Also, a very limited picture i n a 
horizontal plane can be obtained by putting instruments 
on different parts of the a i r c r a f t (Warner and Telford 
(1963)). Where a very large n\jmber of results i s 
av a i l a b l e , s t a t i s t i c a l analysis can y i e l d a f u l l e r picture. 
1.2.2 Gliders 
Much information on "thermals" ( i . e . regions of 
buoyant r i s i n g a i r ) can be obtained from sailplane p i l o t s , 
who r e l y on them to gain height. (A glider i s any 
engineless aeroplane; a sailplane i s one designed to gain 
height by "soaring" i n thermals or wave-clouds behind 
r i d g e s ) . Such information i s , however, unsystematic and 
limit e d . The p i l o t usually measures air-speed and v e r t i c a l 
speed, and can therefore report on such factors as the 
d i s t r i b u t i o n and strength of thermals, the altitudes at 
which they become apparent and die away, and their r e l a t i o n 
to clouds. Lik e l y "Tiot-spots" - features on the ground 
which act as sources of thermals - and t h e i r variation with 
time of day and other factors are well-known to the p i l o t . 
However, the glider moves with the a i r , and the information 
i s limited by t h i s . I f l i f t ceased suddenly, for example, 
i t would be d i f f i c u l t for the p i l o t to t e l l whether he had 
flown out of the side of a "plxime" or dropped through the 
bottom of a "bubble" of r i s i n g a i r . For t h i s reason, most 
5. 
glider p i l o t s , when questioned s p e c i f i c a l l y about 
structure of thermals, tend to support whatever theory 
of convection i s currently popular. For example, Rainey 
(1947), interpreted h i s f l i g h t s i n terms of c e l l u l a r 
convection, which was favoured at that time. On the other 
hand, Yates (1953) accounted for gliding data i n terms of 
the "eroding bubble" theory published that year, but 
Scorer (1957) and Woodward (1959) both f e l t the gliding 
evidence supported the "entraining bubble" theory. 
I t might be expected that more valuable information 
might be gained by "reading between the l i n e s " i n more 
informal l i t e r a t u r e designed for fellow enthusiasts rather 
than meteorologists. For t h i s reason, the author has t r i e d 
to read widely i n gliding magazines and other l i t e r a t u r e . 
The r e s u l t s of t h i s are reported i n section 1.4, 
One tool which might possibly be applied to exploring 
thermals, v^ich does not yet seem to have been used, i s one 
of the powered sailplanes now available. These carry a 
small engine which enables them to f l y l i k e any other 
powered a i r c r a f t , but when the engine i s switched off, they 
have s u f f i c i e n t l y good aerodynamic performance to soar. 
This should overcome the limitation imposed on gliders of 
having to adapt t h e i r f l i g h t path to maintain height, and 
should allow more systematic vsork* 
6. 
1.2,3 Birds and insects 
Many species of bird take advantage of thermal 
upcurrents, and scsne types, such as vultures and cheels, 
r e l y on thermals to soar. Woodcock (1940) observed the 
soaring of herrings-gulls over the sea, and hi s 
observations of the rel a t i o n of different methods of 
soaring to wind and temperatxire conditions were l a t e r 
ejcplained very neatly by Pri e s t l e y (1956) i n terms of the 
plume theory. The eroding bubble theory was also supported 
from the bird and insect observations of Hankin (1913) by 
Scorer (1954b). To some extent, soaring birds make 
convection currents v i s i b l e , and can give useful 
information on t h e i r d i s t r i b u t i o n , strength and v e r t i c a l 
extent. 
1*2.4 Fixed-site investigations 
Observations of atmospheric parameters from towers on 
the ground have been used to make deductions about 
convective processes. The advantages of t h i s method are 
a t t r a c t i v e : the instruments do not move r e l a t i v e to the 
ground, of course, the construction and i n s t a l l a t i o n of 
measuring equijanent, of power supplies, and of recording 
apparatus are r e l a t i v e l y easy, and the whole operation i s 
cheaper. However, measurements are usually limited to the 
bottom few score metres of the atmosphere. The pl\ime 
7. 
theory i s based on tower measurements, but the height 
lim i t a t i o n has so far prevented detailed extrapolation 
upwards • This li m i t a t i o n has been overcome by using 
moored balloons (Jones and Butler 1958), but the greater 
the height of the support for the instruments, the 
greater the danger that i t w i l l interfere with the 
phenomena i t i s to investigate. 
1.2.5. Water-tank experiments 
The extension to the atmosphere of observations made 
i n l i q u i d s was the basis of the theory of c e l l u l a r 
convection, and these experiments w i l l be mentioned i n 
section 1.3.1. In more recent years water-tank experiments 
have been used to provide valuable information for the 
bubble theory (section 1.3.2). However, the differences 
between a water-tank and the atmosphere do not need 
emphasis. The effects of boundaries, the large 
differences between a i r and water of density, surface 
tension, v i s c o s i t y , thermal conductivity, and s p e c i f i c 
heat make interpretation d i f f i c u l t . In a li q u i d , v i s c o s i t y 
decreases with temperature; i n a gas i t increases. Moreover, 
conditions i n water-tank experiments are generally much 
steadier than they are i n the atmosphere. Information 
can be obtained from these experiments on general 
hydrodynamic processes which may take place i n the 
atmosphere, but care must be exercised i n drawing conclusions. 
8. 
1*2,6 Cloud observations 
Photographic and v i s u a l observations of turrets 
growing from the top of cumulus clouds have been used 
as evidence about the behaviour of similar r i s i n g 
masses of a i r below cloud-base. However, these turrets 
frequently grow into s t a b l y - s t r a t i f i e d a i r , and they may 
also be cooled at the outside by evaporation of the 
cloud droplets, and so the conditions are considerably 
d i f f e r e n t from those of masses of a i r r i s i n g from the 
ground. I n recent years, more valuable information has 
been gained from s a t e l l i t e photographs of large-scale 
cloud patterns indicating some organised convective 
behaviour. This w i l l be dealt with more f u l l y below 
(section 1.3.1), as w i l l the familiar phenomenon of 
"cloud-streets" - long rows of cumulus cloud. 
1.2.7 Radar 
Radar i s now a familiar tool i n disturbed-feather 
meteorology, but i n the l a s t few years i t has become 
apparent that centimetre-wavelength radar can be useful 
i n tracking r e f r a c t i v e index changes i n fine weather. 
The r e s u l t s do not at the moment f i t i n very well with 
any of the cmrrently-favoured theories of convection, but 
they w i l l be discussed under the bubble theory, which 
they seem to support most close l y . I t i s to be hoped that 
t h i s method, which alone seems to offer the chance of 
simultaneous observations over a wide area and depth of 
atmosphere, w i l l y i e l d more information i n future. 
1*3 Convection Models 
As has already been indicated, theories of 
atmospheric convection are based on three models: the 
c e l l , the bubble, and the plume. The evidence for these 
interpretations, and the relations between them,will nov/ 
be considered. 
1.3.1 The c e l l theory 
C e l l u l a r convection may be defined as a horizontally 
periodic arrangement of upcurrents of warm f l u i d and 
downcurrents of cooler f l u i d . An example i s the Benard 
c e l l u l a r structure, A cooling liquid breaks up into a 
pattern of polygonal c e l l s i n which an upcurrent i s 
surrounded by a region of downcurrents, usually when the 
l i q u i d i s i n a thin layer uniformly heated from below. 
This phenomenon i s observed i n many liquids, and i s 
p a r t i c u l a r l y s t r i k i n g when the li q u i d c a r r i e s a suspension 
of elongated p a r t i c l e s which l i n e themselves along the 
direction of flow, and are therefore more obvious where 
the flow i s p a r a l l e l to the surface than where i t i s 
perpendicular. Aluminium paint thinned with turpentine. 
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whose evaporation at the surface causes the temperature 
gradient, gives a good i l l u s t r a t i o n . C e l l u l a r structure 
also occurs i n layers of gases, but here the downcurrent 
i s at the centre and the upcurrent at the edges of the 
c e l l s . Mien a shear i s applied to the f l u i d , the c e l l s 
change shape, usually forming long s t r i p s p a r a l l e l to the 
d i r e c t i o n of shear. Thomson (1881) f i r s t described the 
phenomenon, but i s was f i r s t thoroughly investigated by 
Benard (1900), Rayleigh (1916) carried out the origina l 
theoretical analysis and showed that the way i n %diich the 
v i s c o s i t y changes with temperature determines the direction 
of motion i n the c e l l , accounting for t h i s difference 
between gases and l i q u i d s . 
The suggestion that similar c e l l u l a r convection occurs 
i n the atmosphere was made by Brunt (1925), who pointed 
out the modifications that would be necessary to Rayleigh's 
theory. However, the much more complicated situation of 
the atmosphere, with such effects as wind-shear, turbulent 
rather than molecular diffusion, and the lack of a firm 
upper l i m i t has made analysis d i f f i c u l t . Most v/riters 
seem to be concerned with whether or not c e l l u l a r 
convection could occur i n a f l u i d l i k e a i r on a scale 
comparable with the atmosphere, rather than with whether 
or not i t does occur i n practice. I t seems f a i r to say 
that a firm conclusion from the theoretical standpoint has 
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not yet been reached. A comprehensive account and 
bibliography of atten^jts are given by Chandrasekhar (19M) . 
I t may be remarked that P r i e s t l e y (1959) took the 
condition for c e l l u l a r convection i n s t i l l a i r obtained 
by Rayleigh (1916) and Jeffreys (1928), and showed that, 
i n the atmosphere near the ground, free convection i s 
found to set i n long before t h i s condition i s f u l f i l l e d , 
indicating strongly that Benard c e l l u l a r convection i s 
unlikely i n wind over land. 
For many years a f t e r Brunt's suggestion, experimental 
evidence of atmospheric c e l l u l a r convection was small. 
The familiar dapples and billows which commonly occur i n 
layer clouds were compared with the patterns i n liq u i d s , 
and i t was suggested that they were due to c e l l u l a r motion 
i n the cloud layer (Mai 1930, Brunt 1937). These billows 
form along the wind direction, and must be distinguished 
fron transverse r o l l s , which are due to a v o r t i c i t y e f f e c t . 
I t was also suggested that similar r o l l s between 
cloud-base and ground would account for cloud-streets, but 
t h i s i s c l e a r l y an over-simplification. Kuettner (1959) 
has outlined a more convincing explanation, which i s based 
on what may s t i l l be broadly described as c e l l u l a r 
convection. According to Kuettner, cloud-streets, long rows 
of cumulus aligned roughly i n the direction of the wind. 
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are common over Bj fff^e part| of the earth's surface, and 
i n some are the predominant type of convective cloud. From 
inspection of many cases, he concluded that streets outside 
the tropics occur when a polar high irrupts into the 
temperate zone, and i s heated from below. The resulting 
air-flow i s frcan cold to warm, with the high pressture on the 
ri g h t , Kuettner showed that the r e s u l t w i l l be a maximum 
windspeed i n the convective layer - not at the surface -
and l i t t l e change of direction with height. He suggested 
that the curvature of the wind gradient w i l l mean that 
ascending and descending parcels of a i r w i l l have opposing 
v o r t i c i t i e s , and that t h i s w i l l i n h i b i t convective c i r c u l a -
tions i n the wind direction i n favour of circulations 
perpendicular to i t , giving cloud-streets. 
Confirmation of t h i s theory has aome from Japan i n a 
study of banded cloud and snowfall by Higuchi (1963), I t i s 
interesting to note that, due to the easterly progression 
of weather i n the north temperate zone, the irruption of a 
polar high i s much more l i k e l y on the eastern side of a 
continental mass, such as i n Japan or the north-east 
United States, than on the western. This may account for 
the comparative r a r i t y of cloud-streets i n the B r i t i s h I s l e s , 
The author has noted three examples at Durham i n the l a s t 
two years (16,6.65,, 15,10,65, and 28.8,66. a l l near 
midday), of which only the l a s t , the most marked, occurred 
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i n the conditions described by Kuettner, with a polar 
anticyclone over the Norwegian sea giving a ridge of high 
pressure over the B r i t i s h I s l e s . FigureH shows the upper-
a i r records taken at Shanwell (Fife) and Aughton (Liverpool) 
at 1200 hours on August 25th, In both cases there i s a 
maximum windspeed i n the f i r s t 1500 m (although the 
paucity of readings makes i t d i f f i c u l t to be more s p e c i f i c 
about the height), and a backing of windspeed with height 
above the maximum. The other two examples occurred i n 
confused synoptic situations, with no clear distinguishing 
features. 
Durst (1932) interpreted measurements of windspeed 
variations i n teirms of a r o l l i n g c e l l u l a r structure (Fig, 1-2). 
The passage of a c e l l wall ("gust front") v;ould be marked 
by the appearance of a i r from a higher l e v e l , i . e . colder, 
with higher speed, and l e s s turbulent. Although t h i s 
account was we11-supported by the evidence presented i n the 
paper, there seems to have been no substantial supporting 
evidence found since. 
U n t i l high-altitude cloud-photographs became 
availab l e , the evidence for atmospheric c e l l u l a r 
convection, other than i n cloud layers, was very small, 
but when s a t e l l i t e photographs began to be commonplace, 
c e l l u l a r cloud patterns were at once noticed. I t soon 
became apparent that these were common, and covered 
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large areas. They had presumably previously escaped 
attention because t h e i r s i z e vras too great to be obvious 
to an individual observer, but too small to appear on a 
synoptic chart. Typically, they consisted of cumulus 
clouds arranged i n rings 30 to 50 miles i n diameter, 
cloud groups, or cloud bands. A simple Benard structure 
seemed to be precluded both by the diameter-height r a t i o 
(an order of magnitude larger than that usually supposed) 
and by the fact that the rings, bands arid groups were 
ccEttposed of d i s t i n c t individual clouds rather than cloud 
masses, 
Krueger and F r i t z (1961)* described the patterns and 
analysed the conditions for t h e i r occurrence. These 
seemed to be a layer of moist a i r about 1700 m deep over 
an ocean surface warm isnough to maintain the adiabatic 
lapse-rate through the layer. Through t h i s layer there 
was l i t t l e variation with height of windspeed or direction. 
The layer was superposed by a more stable air-mass. Frenzen 
(1962) interpreted these r e s u l t s i n terms of two super-
imposed Benard patterns of s l i g h t l y different wavelengths. 
In the case of the cloud groups, the patterns would be i n 
the unstable layer, interfering to give reinforced 
upcurrents at i n t e r v a l s much larger than i n the simple 
Benard case, Frenzen also accounted for the presence of 
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individual clouds rather than a mass. For the cloud 
r i n g s , one of the patterns would be i n the unstable, and 
the other i n the overlying layer. 
C e l l s had already been indicated under similar 
conditions by the r e s u l t s of Woodcock and Wyman (1947) 
and Langwell (1948), who a l l worked i n the trade wind 
zone, where cool a i r was blowing over a warmer sea. I t 
i s interesting to note that of a l l atmospheric conditions 
t h i s corresponds most c l o s e l y to the circumstances for 
the production of c e l l s i n a l i q u i d : steady and uniform 
heating fran below, and l i t t l e shear i n the convective 
layer. 
Although the exact form of the mechanism has yet to 
be elucidated, i t seems probable that some form of 
c e l l u l a r convection i s taking place i n t h i s case. However, 
there i s very l i t t l e evidence that c e l l u l a r convection 
of the Benard or Durst type occurs over the land below 
cloud-base: the presence of wind-shear, isurface height 
i r r e g u l a r i t i e s , and non-uniform heating make some other 
form much more l i k e l y . 
1«3«2 The bubble theory 
Early glider p i l o t s (e.g. Hirth 1933) saw thermals 
as biibbles of warm a i r r i s i n g from near the surface towards 
cloud-base. The support given to the c e l l model by such 
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authorities as Brunt led l a t e r p i l o t s to interpret 
thennals according to t h i s picture, but the bubble 
model was formally revived by Scorer and Ludlam(1953) . 
This formulation imagined the bubbles as having a 
spherical top and a f l a t base, l i k e an a i r bubble 
r i s i n g i n water (Fig. 1.3a). L i t t l e a i r penetrated the 
top, although mixing took place over t h i s surface, and 
the bubble was therefore eroded as i t rose. (In t h i s 
t h e s i s , t h i s i s referred to as the "eroding bubble" 
theory.) The bubble tended to sweep smaller ones i n 
behind i t , and these, and eroded cap material, gave a 
wake cooler than the bubble i t s e l f , but warmer than i t s 
surroundings.. Khen i t had r i s e n a distance equal to one 
or two diameters, the bubble was a l l eroded away, but the 
warm wakes of successive bubbles heated an increasingly 
deep layer of a i r , which could then break away as a larger 
bubble. In t h i s way, successively larger bubbles rose 
from a heat soiirce, u n t i l they were big enough to reach 
cloud-base. 
This model was postulated to explain reports of 
glider p i l o t s , and gained support frcan observations of 
cumulus turrets (Malkus and Scorer 1955). However, 
experiments i n water-tanks (Scorer and Ronne 1956), soon 
showed that t h i s type of bubble would only occur i f a 
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buoyant air-jnass penetrated stably s t r a t i f i e d 
surroundings. Although t h i s happens above clouds, i t i s 
not, of course, relevant to convection below cloud-base 
i n unstable conditions, and except for one recent piece 
of evidence, warrants no further discussion. 
The evidence concerned cones from observations of 
anomalous radar echoes - "angels" ~ at centimetre wave-
lengths, whose diurnal and annual variation follow 
convective a c t i v i t y . Short-term variations show 
frequency increasing V7ith higher surface temperature and 
decreasing with higher wind-speed. No echoes are 
obtained for a surface windspeed greater than 10 m s"^. 
These features indicate some kind of convective 
disturbance, causing r e f r a c t i v e index changes which give 
r i s e to the echoes. However, the echoes obtained are 
such that they must ari,se either from point objects, or 
from large smooth hemispherical r e f l e c t o r s v.dth horizontal 
bases - the objects are only i n focus at the zenith, 
although r e s u l t s at small angles to the v e r t i c a l indicate 
the hemispheres may have rough edges. The objects have 
v e r t i c a l v e l o c i t i e s between +3 and -3 m s"^, with a mean 
of +1 m s""*". The important discrepancy vdLth the eroding 
bubble model i s , hov/ever, the s i z e : the hemispheres have 
diameters of 1-3 km (at heights of 1% - 3 km) . This i s 
an order of magnitude larger than the thermals of glider 
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p i l o t s , and i s d i f f i c u l t to f i t i n with other data on 
bubbles. Perhaps i t i s best to reserve judgement on t h i s 
phenosienon u n t i l simultaneous measurements of the 
hemispheres and temperature traverses i n the a i r are 
av a i l a b l e . A survey of r e s u l t s i s given by Atlas (1964). 
The r e s u l t s of Scorer and Ronne, developed by 
Scorer (1957) and Woodward (1959), showed that a bubble 
r i s i n g through an u n s t r a t i f i e d environment would have a 
vortex-like motion with mixing at the front surface, 
some entraixffiient behind, and l i t t l e wake (Pig. 1,3b), 
This i s referred to here as the "entraining bijbble" 
model. The v e r t i c a l velocity of the core i s about twice 
the velocity of the bubble as a whole, and at the edges, 
the motion i s actually downwards, r e c a l l i n g the observations 
of some g l i d e r - p i l o t s that "sink" sometimes surrounds a 
k 
termal. By dimensional analysis. Scorer (1957) found 
\ • 
the v e r t i c a l v e l o c i t y to be related to the radius of the 
largest hori2ontal section of the bubble R and the 
buoyancy gB by 
xo- = b (cjlrs^"^ (1.1) 
B has the form density difference divided by t o t a l density. 
^ i s a dimensionless constant found by experiment i n the 
water tank to be about 1.2, and cloud observations give a 
si m i l a r value. 
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The radius of the bubble i s also found to be 
proportional to i t s distance z frora an ide a l origin, 
(1.2) 
and n i s found to vary from one thermal to another, but 
i s approximately equal to 4, 
Scorer {1958, p.174) shows that these relationships 
give the potential temperature lapse-rate found 
experimentally i n the free-convection regime, 
(1.3) 
but t h i s i s , of course, a c h a r a c t e r i s t i c of any free 
convection model that makes the s i m i l a r i t y assumption 
(Pr i e s t l e y 1954). 
Experimental evidence that bubbles of the postulated 
form occur i n the atiaosphere i s small. There i s some 
evidence from glider p i l o t s (section 1,4), but t h i s i s 
subject to the doubts expressed i n section 1.2.2. The 
evidence from powered a i r c r a f t i s more useful, and i s 
surveyed i n section 1.5. 
As w i l l be seexi from the next section, measurements 
on tov;ers generally favour the plume model, but mention 
must be made of the r e s u l t s of Bunlcer (1953) who 
measured temperature and v e r t i c a l velocity at 25 m and 
100 111 on a mast, and interpreted h i s r e s u l t s i n terms of 
bubbles. I t i s d i f f i c u l t to see from Bunker's paper 
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whether or not h i s r e s u l t s are consistent with the 
plxmie theory. He found a t y p i c a l b\ibble a t 25 m to have 
a diameter of 90 m, a temperature excess of h^C, and 
a v e r t i c a l velocity of 0.9 m s""^. At 100 m, the 
btibbles were l e s s frequent, but more e a s i l y separated 
from the sturrounding a i r , and ccmmonly had a diameter of 
500 m, temperature excess of 0,6°C., and v e r t i c a l 
v e l o c i t y of 1 - 1.4 m s~^. Apart from the diameter at 
100 m, vdiich i s rather large, these measurements accord 
well with data frcsn a i r c r a f t . 
In conclusion, the bubble theory would provide a 
s a t i s f a c t o r y picture of buoyant convection, but 
conclusive evidence of i t s widespread a p p l i c a b i l i t y to 
the atmosphere i s lacking. A comparison of c r i t i c a l 
evidence with the plume theory w i l l be made i n section 
1.6. 
1.3.3 The plume theory 
I t has already been mentioned that temperature 
gradient measurements near the ground indicate that i n 
the free convection region, * ^  , and that t h i s 
proportionality can be derived from dimensional analysis 
without specifying the structure of the buoyant elements, 
•Below t h i s zone, heat transfer i s by turbulent transfer 
alone. Q u a l i t a t i v e l y , i t may be considered that the 
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heat flux reaching the ground from the sky by radiation 
must be removed from the surface by forced and free 
convection. (In f a c t , transfer of heat from the ground 
to the a i r by long-wave radiation takes place over the 
f i r s t two or three metres, and much heat i s absorbed at 
the surface i n evaporation). Close to the ground, wind-
shear, and hence turbulence, i s high, and the turbulence 
produced i s s u f f i c i e n t to carry the upward heat flux by 
forced convection. Higher up, wind-shear i s l e s s , and 
the more powerful mechanism of free convection must 
supplement the reduced turbulence. Turbulence tends 
to d i s s i p a t e the buoyant elements, which therefore 
cannot survive for any appreciable time i n the lowest 
layer (Webb 1962) , Webb (1958) detected a second 
t r a n s i t i o n at \Ailch the potential temperature gradient 
becomes very small, and beyond \^i c h the buoyant elements 
penetrate with negligible dissipation or heat transfer 
by turbulence (Fig, 1,4). The height of the transitions 
increases with windspeed and surface roughness. Over 
grassland with a windspeed of 5 m s~^, the f i r s t w i l l 
occur at about 1% m, and the second at about 5Q m. 
Although the form of the temperature gradients i s 
not uniquely determined by the type of convective 
element, i t seems that some progress can be made by 
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considering the t r a n s i t i o n s , and i t i s i n t h i s that 
the plume theory has had some success. P r i e s t l e y (1955), 
analysing the r e s u l t s of Swinbank, obtained the 
r e l a t i o n between H* and Ri shown i n Figtire 1.5, where 
^dimensionless heat flux m* y^p/^t T ) ^ ! ^ ^ ' ^ ^ ' ^ " 
and Richardson's number (ti r ^ " ^ ^ ^ / f ^ y 
(H a heat flux per unit area, Cp » s p e c i f i c heat at 
constant pressure, T « absolute temperattire, p = density, 
u » horizontal wind v e l o c i t y ) , The r e s u l t s plotted on 
log scales appeared to l i e on two intersecting straight 
l i n e s , meeting at H* « 0.69, and Ri « -0.03. I f t h i s i s 
so, the obvious interpretation i s that these represent 
the free and forced convection regimes, for simple 
analysis sho«^ that i n the forced convection zone, H* w i l l 
depend on height ( i . e . , on R^ )^ , but i n the free 
convection zone i t w i l l be constant. The values of R^ and 
H* a t the t r a n s i t i o n r ^ a l n to be explained. 
P r i e s t l e y (1956) considered vdiich type of buoyant 
element would be most e f f i c i e n t a t removing heat from the 
lowest layer, and concluded that a long upward moving 
cur t a i n would be most e f f i c i e n t , because i t s heat and 
mcHsentiim would be dissipated i n only one dimension, 
ti^ereas a plume would lose heat i n two dimensions, and a 
bubble, the l e a s t e f f i c i e n t , i n three. However, a long 
23, 
' curta i n was far l e s s l i k e l y to be i n i t i a t e d i n nature 
than a plume, which might be triggered by any hot-spot 
or mechanical disturbance. Priestley therefore applied 
the treatments of P r i e s t l e y and B a l l (1955) and Morton, 
Taylor and Turner (1956) of an a x i a l l y symmetric plume 
r i s i n g from a hot-spot. Using r as the radius of an 
annular element, the equations of continuity, v e r t i c a l 
motion and heat conservation are, respectively. 
4tr«^) = r | . p 3 (1.5) 
4 ( r « 9 ^ ) - - Z ^ T r C ' F ) (1.6) 
(H^ ** r a d i a l velocity, X v e r t i c a l turbulent shearing 
s t r e s s , F r a d i a l potential turbulent heat flux. Primed 
values are the excess over the environmental values, 
indicated by su f f i x ^. Suffix „ denotes value of the 
e m 
excess at the centre of the plume. R i s the radius of 
the plume)• 
When substitution i s made for the lapse-rate i n 
the free convection regime (equation 1.3), these give a 
solution which, for z = O, gives R = O and R w^ -^v ~ ^ ' 
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indicating that, once a plume i s triggered by a suitable 
source, i t i s self-waintaining. Physically, i t can be 
v i s u a l i s e d d r i f t i n g with the wind, merely drawing a i r 
from the lowest l a y e r . The solution, i n the form given 
by P r i e s t l e y (1959) i s 
{ i€ J \ d^J ^ (1.8) 
a,b,c,d and C are constants, of which the f i r s t four 
depend on the form of the r a d i a l p r o f i l e s of % and 8 
assumed i n the plume. P r i e s t l e y (1959), also obtained 
equations for the dimensionless heat flux maxima and 
means: ^ 
- I 6*.; (1,10) 
and /S (1.11) 
«J^ ere (l = ^ ^^^'^ (1.12) 
P and q are the r e l a t i v e masses of descending and 
ascending a i r respectively. The barred values are 
averages over the plume. Asstjming Gaussian p r o f i l e s of 
e»', and w, P r i e s t l e y obtained a « d = 2, b = 3; and, from 
measurement, p « 0.53, q « 0,47, Hence, at the transition 
to free convection, H* « 0,48, By another method, 
P r i e s t l e y (1956) obtained -R^ = 0.035. These values 
compare with the experimental r e s u l t s of Swinbank of H* = 
0.69 and Rj, •= - 0.03. On the basis of improved 
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measurements^ P r i e s t l e y (1959) suggested H* =» o.9 as 
clos e r to the true value. 
These values were obtained assuming a Gaussian 
cross-section for the plume. Experimentally, however, 
Vul'fson (1964) showed atmospheric buoyant elements to 
have the temperature p r o f i l e 
I t i s shown i n section 2.4*3 that t h i s gives d » ^ , and 
a s i m i l a r calculation shows that a » ^ • Also, 
^ —vr^—— 
These can be integrated d i r e c t l y to give 1!?= and 
W-• \ ©In • Similarly, 
This can be Integrated using the substitution r » (ICMTS.^ 
giving 
Using these r e l a t i o n s , ^ = 0.42, and H* « 0.16, v^lch 
i s considerably further from the experimental value than 
the r e s u l t fran the Gaussian p r o f i l e . 
P r i e s t l e y also calculated the values for the 
t r a n s i t i o n to l i n e a r convection ("curtains"), v^ich, i f 
there were a suitable triggering mechanism, would take 
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place a t lower values of lapse rate, and obtained H* 
«= 1.02 and -R^  « 0.011. 
Woodcock (1940) delineated the conditions of 
windspeed and lapse rate i n \i^ich seagulls soared 
l i n e a r l y or i n c i r c l e s , and P r i e s t l e y showed that h i s 
values agreed well with these conditions. 
Vul*fson (1964) found experimentally that R uc*''^  
which disagrees with equation (1.7). This i s a serious 
discrepancy, and iiuSicates a f a u l t i n Priest l e y ' s 
argument. I n the l i g h t of t h i s , i t i s not s\urprlsing 
that l ^ i e s t l e y ' s derivation of H* does not agree better 
with experiment, and that an attempt to graft Vul'fson's 
temperature p r o f i l e onto Pri e s t l e y ' s derivation should 
only make matters worse. Vul'fson also carried out a 
t h e o r e t i c a l a n a l y s i s , which yielded the same form of 
v a r i a t i o n with z for ©1, and w^^ as P r i e s t l y ' s , but also 
gave R <x ^''"^  . He did not proceed to obtain H*. 
Although these treatments show the plxime model 
^ p l a i n s the experimental facts f a i r l y v^ell, i t does 
not show i t to be the only one v4iich s a t i s f i e s the 
r e s u l t s . A similar calculation does not s e ^ to have 
been done for the bubble model, but u n t i l i t i s , we 
cannot be sure that i t would not give as good a r e s u l t . 
The conclusive evidence, however, has been provided by 
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Taylor (1958) who measured temperatiure fluctuations 
simultaneously at several l e v e l s , and found that the 
same pulse could be detected at a l l l e v e l s . The 
pulses reached the higher thermometers before the 
lower, showing that the structure was a plume leaning 
i n the direction of the wind, with a moving source. 
Because the warmer a i r would move to the upper side of 
a leaning plume, i t i s to be expected that the back 
edge of a temperature pulse on a record would look 
sharper than the leading edge, and t h i s i s the case 
with Taylor's records, A r i s i n g bubble would probably 
not impinge on a l l heights, and would certai n l y not do 
so i n the order observed. 
Mention may be made here of the r e s u l t s of Bent 
and Hutchinson (1966), vtio measured space charge and 
other parameters at 1 and 19 m on a mast. They found, 
i n convective weather, pulses of charge correlating with 
increases i n temperature and decreases i n windspeed 
cl o s e l y resembling the records of Taylor and those 
i l l u s t r a t e d by Pr i e s t l e y (1959, P,68), Bent and 
Hutchinson suggested some form of c e l l u l a r convection 
might explain t h e i r r e s u l t s , but i t seems clear a better 
explanation i s provided by the plume theory. I f t h i s i s 
correct, the r e s u l t i s important for two reasons: 
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f i r s t l y because the space-charge pulses appear to 
give very cl e a r indications of plumes, and secondly 
because these r e s u l t s were obtained over quite broken 
country, whereas most previous s i t e s have been chosen 
for exceptional f l a t n e s s . The main object of the work 
described i n t h i s t h e s i s i s the further investigation 
of these pulses. 
At higher l e v e l s , as has already been remaurked, 
the evidence i s ambiguous. The only a t t ^ p t to 
cor r e l a t e v e r t i c a l v e l o c i t i e s at different l e v e l s 
seems to be that of Angell (1964), who worked at 200, 
530 and 860 m on a barrage-balloon cable, and correlated 
the cospectra and quadrature spectra between l e v e l s . He 
found that the spectra were related i n a way ^ i c h 
c e r t a i n l y indicated the pltone theory rather than the 
bubble, although again the evidence i s not conclusive. 
In conclusion, there i s strong evidence that free 
plumes, i . e ^ plumes vghose sources move with the wind, 
occur i n the f i r s t 50 m. At higher l e v e l s , the evidence 
i s weaker. 
1*^ Infoinnal Gliding Evidence 
As mentioned i n section 1.2.2, i t i s d i f f i c u l t to 
form a consistent picture of thermals from the formal 
reports of glider p i l o t s , perhaps because conditions i n 
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the atmosphere are so variable' anyway. Hov;ever, 
d e s p i t e a l l t he c o n t r a d i c t i o n s , c e r t a i n general 
p a t t e r n s can be seen from the mass o f i n c i d e n t a l 
mentions o f thermal c o n d i t i o n s i n accounts o f f l i g h t s . 
As regards the forraation o f thcrmals, the fe a t i i r e s 
on the ground V7hich act as sources o f r i s i n g a i r are 
w e l l knovjn, and e a s i l y explained. The most marked o f 
these i s v a r i a t i o n o f slope of the ground, because 
slopes f a c i n g t he sun get h o t t e r than f l a t ground or 
shaded slopes. For t h i s reason, unlevel ground gives 
stronger thermals e a r l i e r i n the day than f l a t ground 
(MacCready 1961; Welch 1953) , S o i l type i s important: 
f o r example, patches o f chalky ground are said t o act 
as thejnnal sources, perhaps because o f t h e i r lower 
thermal c o n d u c t i v i t y (Scorer 1958, P,176). Etoith (1963), 
di s c u s s i n g the e f f e c t s o f thermal updraughts on gas-
f i l s t e d b a l l o o n s , remarks t h a t the b a l l o o n i s t "must 
r e a l i z e t h a t a lake passing beneath him w i l l tend t o 
lower h i s height i n the daytime A v/ood w i l l have 
the same e f f e c t , and so w i l l marshland and sea. On the 
othe r hand, a town w i l l send him up, j u s t as a hot 
c o r n f i e l d w i l l , or a s t r e t c h o f tarmac," Most o f these 
examiples can be a t t r i b u t e d t o high or low thermal 
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c o n d u c t i v i t y . Scorar (1958? P.176) suggests t h a t 
c o r n f i e l d s a c t as thermal sources because r i p e corn does 
not absorb heat i n t r a n s p i r a t i o n . A strong source o f 
thermals, such as a power s t a t i o n or a south-facing 
slope, may c o n t i n u a l l y i n i t i a t e thermals which are 
t h e r e f o r e found spread out i n a l i n e downwind.. Such 
thermal s t r e e t s may also a r i s e without an obvious 
source. These appear t o be common, and may fonn a 
l a r g e nvimber o f p a r a l l e l l i n e s ( ^ I c h 1953), presumably 
re s a n b l i n g c l o u d - s t r e e t s (section 1.3.1). 
Ho^'^ever, most t h e m a l s encountered' by p i l o t s 
cannot be a t t r i b u t e d t o any p a r t i c u l a r source, and 
appear t o a r i s e spontaneously, 
Kearon (1965) r e l a t e s how a r e t r i e v a l crew drove 
backv;ards and forwards on the ground below the g l i d e r 
" i n an attempt t o t r i g g e r o f f the thermal". I t i s 
d i f f i c u l t to understand t h i s , although the idea may 
d e r i v e from Scorer (1954a) . Perhaps i t i s not meant t o 
be taken too s e r i o u s l y . 
P i l o t s r e p o r t t h a t thermals c a r r y w i t h them a l l 
t h e expected c h a r a c t e r i s t i c s o f a i r o r i g i n a t i n g near the 
ground, even as f a r as sm e l l . ( I t has been suggested 
t h a t soaring b i r d s use t h i s t o f i n d therraals ( S l a t e r 1965)). 
The s t r u c t u r e o f txurbulence i n s i d e a thermal i s said t o 
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resemble t h a t near the ground, and t o be r e a d i l y 
d i s t i n g u i s h e d by i-iie p i l o t (Welch 1953). I t has been 
suggested t h a t some o f these c h a r a c t e r i s t i c s might be 
used t o d e t e c t tliermals a t a distance. Especially 
r e l e v a n t t o the present vjork i s the suggestion t h a t the 
excess space charge o f the r i s i n g a i r might give r i s e 
t o h o r i z o n t a l e l e c t r i c f i e l d s detectable some distance 
away (e.g. James 1960). A method commonly proposed i s 
t o have probes on the nose and t a i l of the s a i l p l a n e and 
t o f l y i n the d i r e c t i o n which gives the greatest 
d i f f e r e n c e i n p o t e n t i a l between the two (or the greatest 
r a t e o f change o f p o t e n t i a l of one o f them), Ji 
s p h e r i c a l bubble o f a i r of excess charge 4C^ m~^  (250 
e cm""^ ) and ra d i u s 100 m would give a f i e l d 200 m from 
the c e n t r e o f about 40 V m"^ , so t h i s method may be 
f e a s i b l e , but much would depend on the size o f the space-
charge excess, and the response-time o f the probes. 
As would be expected, there i s more confusion about 
the shape and other c h a r a c t e r i s t i c s o f i n d i v i d u a l thermals. 
I t i s g e n e r a l l y agreed they begin a t about 200 - 300 m 
above t h e grouwi w i t h a diameter o f perhaps 150 m, and 
increase i n size w i t h h e i g h t . Bold p i l o t s w i l l look f o r 
l i f t down t o 100 m, however, and the l u n i t seems t o be 
set by the necessity f o r the p i l o t t o look f o r a l a n d i n g -
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place before he gets too low. Most thermals are 
reported t o have a temperature excess o f 1 - 2°C, and 
have an up^^ard v e l o c i t y o f up t o 5 m s"^ (Yates, 1953). 
W i l l s (1961) says a thermal "can be most e a s i l y (but 
r a t h e r i n a c c u r a t e l y ) v i s u a l i z e d as a column of warm a i r 
r i s i n g " , but most p i l o t s today pay l i p service a t l e a s t 
t o the bubble theory. There seams t o be l i t t l e f i r m 
evidence on the v e r t i c a l extent o f i n d i v i d u a l thermals. 
I t i s u s u a l l y d i f f i c u l t t o say whether o r not two g l i d e r s 
a t d i f f e r e n t heights are i n the same thermal, because a 
continuous plume w i l l have a considerable lean i n v;ind-
shear, even i f the bottom o f the thermal i s not f i x e d on 
the ground. I f a c o l l e c t i o n were made o f photographs 
taken vhen many s a i l p l a n e s v;ere i n f l i g h t near t o one-
another - f o r example a t n a t i o n a l championship meetings -
i t might be possible t o ccane t o some conclusions on t h i s 
p o i n t . The author has seen only two relevant photographs. 
One ("Sailplane and G l i d i n g " 16 (6, Dec. 1965 - Jan. 1966), 
556) shows eighteen g l i d e r s c i r c l i n g i n the same thermal, 
b u t apparently a l l a t the Scuae h e i g h t . The other 
("Sailplane and G l i d i n g " 16 (4, Aug. - Sept. 1965), 312) 
shows eleven s a i l p l a n e s at d i f f e r e n t heights apparently i n 
a column a t an angle t o the v e r t i c a l . (Since the camera,, 
was l o o k i n g up through the column, and no horizon i s shown, 
i t i s d i f f i c u l t t o be sure.) By comparison o f the wing-
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span w i t h the d i s t r i b u t i o n o f g l i d e r s , the diaiseter 
of the areas o f l i f t can be estimated: i n the f i r s t case 
i t i s about 480 m, and i n the second about 290 n. These 
values are co n s i s t e n t w i t h those u s u a l l y suggested by 
p i l o t s , but much higher than the average dimensions given 
by Vul'Fson (1964), discussed i n section (1.5). Pearson 
(1966), w r i t i n g o f the " d i f f e r e n t " q u a l i t i e s o f thermals 
i n Rhodesia, remarks how many times i n the 1966 
n a t i o n a l championships p i l o t s vrould " s l i d e i n a few 
hundred f e e t under, or over, another p i l o t who was 
obvio u s l y i n 4 - 5 ra s"^ l i f t , yet a l l they could 
f i n d was sink no matter where they looked". With the 
r e s e r v a t i o n mentioned above, t h i s seems clear evidence 
f o r "bubbles". I t i s not out o f the question f o r 
Rhodesian thermals t o be " d i f f e r e n t " , since the nature 
of the r i s i n g element might w e l l depend on the p r o p e r t i e s 
of t he surface. For example, the s p e c i a l type ©f f a s t -
r o t a t i n g plume which gives a " d u s t - d e v i l " i f i t t r a v e l s 
over a dusty surface seems t o form onl y i n very high 
lapse r a t e s I ouch as occur over a desert surface, 
Vul'fson's (1964, s e c t i o n 3.10) a i r c r a f t measurements 
have shown an inverse r e l a t i o n s h i p o f temperature and 
v e l o c i t y o f thermals w i t h l a t i t u d e . 
Pearson also describes the thcrmals as being " i n a 
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l a r g e area o f surrounding s i n k " . Buoyant elements 
obviously r i s e through a i r generally subsiding t o preserve 
t h e mass balance, but the r e seems same evidence t h a t the 
sink may be concentrated immediately round the thermal. 
Yates (1953) describes t h i s zone as being narrower and 
weaker than the upcurrent. However, Williamson (1966), 
says regions o f sink are not necessarily c l o s e l y 
associated w i t h upcurrents. As has been seen i n section 
1.3.2, t h e e n t r a i n i n g bubble theory p r e d i c t s a region o f 
sink immediately surrounding the r i s i n g a i r . 
P l n d l a t e r (1959) compared p i l o t s ' r e p o r t s o f 
soaring c o n d i t i o n s over nine years w i t h wind-shear and 
surface wind found from meteorological r e p o r t s and found 
t h a t a shear greater than about three knots per thousand 
f e e t made thermals " d i s t o r t e d or d i f f i c u l t t o use", 
although surface windspeed appeared also t o a f f e c t the 
c o n d i t i o n s i n a r a t h e r complicated way. 
There are few r e p o r t s o f thermal spacing, but 
Garrod (1966) studied h i s own records and concluded t h a t 
t h e thermal diameter and spacing increased w i t h the depth 
o f t h e convective l a y e r , and the r a t i o ; o f the spacing t o 
the depth o f convection was about 4.65. 
I n conclusion, i t may be said t h a t the most 
c o n s i s t e n t a t t r i b u t e o f g l i d e r p i l o t s ' "thermals" seems 
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t o be t h e i r v a r i e t y . They seem t o form a t about 200 -
300 m, t o r i s e a t a few metres a second t o cloud-base 
or an i n v e r s i o n , and t o have diameters o f a few hundred 
metres. The evidence about the depth o f i n d i v i d u a l 
thermals i s not conclusive, but there i s some l i m i t e d 
evidence o f considerable v e r t i c a l c o n t i n u i t y . The r i s i n g 
a i r sometimes seems t o be surrounded by s i n k . The s i z e 
and speed o f t h e a i r i n the thermals both seem much 
gr e a t e r than the average values measured by Vul*fson 
(1964), reviewed i n t h e next s e c t i o n , and t h i s i s a l l 
t h e more s u r p r i s i n g v^en h i s f i n d i n g t h a t the smaller 
therimais are g e n e r a l l y warmer i s taken i n t o account. 
I n view o f t h i s , the f a c t t h a t g l i d e r p i l o t s u s u a l l y 
r e p o r t thermals t o be much r a r e r than Vul'fson^s r e s u l t s 
i n d i c a t e i s not s u r p r i s i n g : they would seem t o be 
op e r a t i n g r i g h t a t the t a i l - e n d o f both the size and 
v e r t i c a l - v e l o c i t y d i s t r i b u t i o n s . 
1.5 Powered A i r c r a f t Measurements 
A i r c r a f t traverses show t h a t , i n convective 
c o n d i t i o n s , t h e r e are d i s c r e t e zones, l i k e the pulses i n 
Pi g . 1.4, i n which temperature, hximidity, turbulence, 
and v e r t i c a l v e l o c i t y are a l l d i s t i n c t l y d i f f e r e n t from 
the average. These are c l e a r l y buoyant elements. Various 
workers have i n v e s t i g a t e d them, but only Vul'fson (1964) 
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has measured enough f o r a c l e a r p a t t e r n t o emerge. 
This s e c t i o n i s l a r g e l y a summary o f some o f h i s 
r e s u l t s , w i t h which the measurements o f other workers 
are broadly c o n s i s t e n t . 
Vul'fson measured temperature i n traverses a t 
various standard heights (100, 300, 500, 1000 m, and 
then a t 500 m I n t e r v a l s u n t i l the temperature pulses 
were no longer d i s t i n c t ; I n l a t e r f l i g h t s , 50 m was also 
made a standard h e i g h t , and i n some co n d i t i o n s 
measurements were als o made a t 10 and 30 m) • On each 
f l i g h t , measur^ents were made successively a t a l l 
standard h e i g h t s , and the data were only accepted f o r 
processing i f measiirements a t a l l heights were s a t i s f a c t o r y , 
Despite t h i s c o n d i t i o n , acceptable measurements were made 
o f about 50,000 pulses. 
This l a r g e nuntoer allowed proper s t a t i s t i c a l 
treatment o f t h e data, overcoming t h e draw-back mentioned 
i n s e c t i o n 1.2.1, t h a t measurements are made along a chord 
o f t h e plume o f bubble, but must be r e l a t e d t o t h e 
di a m e t r i c p r o p e r t i e s . Vul'fson processed h i s data i n 
t h i s way f o r two possible models, the plume, and an 
ob l a t e spheroidal bubble. D i r e c t d i s t i n c t i o n o f the 
models could not t h e r e f o r e be made from the data, although 
i t could be i n f e r r e d . 
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The temperature p r o f i l e o f 400 pulses was found 
t o be f i t t e d w e l l by 
This p r o f i l e was the same along a chord as along a 
diameter, and d i d not chang<s w i t h h e i g h t . I t i s , o f 
course, considerably d i f f e r e n t fr<»n the normal d i s t r i b u t i o n 
assumed by P r i e s t l e y (1956) and others, and, as has been 
shown, t h i s considerably a f f e c t s the c a l c u l a t e d values 
o f H* and f o r f r e e convection. No f i n e s t r u c t u r e , such 
as might be expected from the e n t r a i n i n g bubble theory, 
was n o t i c e d . 
Up t o 300 m, i t was found f o r both the bubble and 
pl\ime models t h a t 
and beyond t h a t h eight R Increased much more slowly. As 
Vul'fson notes t h i s v a r i a t i o n I s the same as t h a t found 
f o r r e f r a c t i v e index anomalies f r c ^ radar observation by 
Norton, Rice and Vogler (1955). At any p a r t i c u l a r h e i g h t , 
t h e d i s t r i b u t i o n o f R was given by 
\vhere RQ was the most probable h o r i z o n t a l radius a t the 
h e i g h t , and a and b were constants depending on z. The 
mean values o f R a t 100 m were 30.5 and 23 m f o r plumes 
and bubbles r e s p e c t i v e l y . 
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The^maxiiaura temperature excess*© o f the pulses 
was i n v e r s e l y p r o p o r t i o n a l t o the t h i r d power o f the 
h e i g h t , decreasing from about 0.6°C a t 10 m t o about 
0.1°C a t 2000 m. A p r o p o r t i o n o f the c u r r e n t s , 
i n c r e a s i n g w i t h h e i g h t , was colder than the environment. 
Grant (1965) has shown t h a t such currents have a high 
h u m i d i t y , v ^ i c h gives them buoyancy. 
The number o f pulses decreased w i t h h e i g h t , 
-2 
corresponding a t 500 ra t o 40 plumes km , or 620 jx 
bubbles km"*^ , where jx i s the r a t i o o f the h o r i z o n t a l and 
v e r t i c a l r a d i i . This i s considerably more than t h e 
numbers given by g l i d e r p i l o t s , who also s t a t e average 
dimensions greater than those above, as already noted. 
The r e l a t i v e area o f r i s i n g a i r also decreased w i t h height. 
The pulses were found t o be s l i g h t l y smaller and 
warmer i n h i g h atmospheric i n s t a b i l i t y , i . e . during 
f a s t cloud devlopnent, than i n c l e a r weather. However, 
t h e number and r e l a t i v e area o f thermals, and the depth 
o f t h e convective l a y e r were a l l greater i n unstable 
c o n d i t i o n s . These changes were r e f l e c t e d i n v a r i a t i o n s 
w i t h time o f day, l a t i t u d e , and underlying surface. I n 
the middle o f the day, theznnals were more numerous, 
^Doaller, and warmer than i n the morning and evening. The 
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greater i n s t a b i l i t y a t low l a t i t u d e s , and over land as 
opposed t o water surfaces, produced s i m i l a r changes. 
(The presence o f more thermals colder than t h e i r 
surroundings over water was presumably due t o the 
buoyancy gained from higher humidity.) 
As would be expected from g l i d i n g observations, 
thermals over mountains were l a r g e r , warmer, but s t i l l 
as numerous, as over p l a i n s . Under these c o n d i t i o n s , 
permanent plumes were found attached t o hotapots, mainly 
south-facing slopes. Hotspots on l e v e l ground, such as 
asphalt roads and ploughed s o i l , were found t o be e f f e c t i v e 
t o o n l y 50 - 100 m. 
1.6 Summary and Conclusion 
I t i s c l e a r t h a t t h e form o f convection i n the 
atmosphere v a r i e s considerably from time t o time and from 
place t o place. There i s strong evidence t h a t over some 
p a r t s o f the ocean, f o r e x a i ^ l e i n the trade-wind 
zones, some form o f c e l l u l a r convection takes place, 
although the exact mechanism i s not yet c l e a r . Over 
l a n d , there i s no evidence o f Benard c e l l u l a r convection 
below cloud-base, and the roughness o f the surface, and, 
more e s p e c i a l l y , i t s wide v a r i a t i o n i n s p e c i f i c heat and 
c o n d u c t i v i t y , and the v a r i a t i o n s w i t h height found f o r 
th e numbers and dimensions o f thermals, make the 
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presence o f t h i s type o f convection most u n l i k e l y . 
Near the ground, the evidence s t r o n g l y suggests 
t h a t plume convection i s the most coiraaon form between the 
forced convection region and a few tens o f metres a t 
l e a s t , although t h e work o f Bunker (1953) may show t h a t 
bubble convection sometimes occurs. The exact form o f 
the plumes remains i n doubt. Vul*fson's (1964) discovery 
X t h a t the mean radi u s v a r i e s a t z and not as z, and t h a t 
t h e temperature p r o f i l e i s not Gaussian, makes P r i e s t l e y ' s 
(1956) model i n need o f r e v i s i o n , although these data 
s t i l l r e q u i r e c o n f i r m a t i o n f o r the f i r s t t e n metres. An 
attCTipt t o r e l a t e Vul'fson's measurements t o the heat-
f l u x measurements o f Swinbank ( P r i e s t l e y , 1955) would be 
va l u a b l e . 
A t higher l e v e l s , Vul'fson p o i n t s out t h a t h i s 
success i n e x p l a i n i n g h i s r e s u l t s t h e o r e t i c a l l y on a 
plume model i n d i c a t e s t h a t such plumes probably e x i s t , 
although some other explanation i s not excluded, and the 
l e n g t h o f time (about h a l f an hour) required f o r a plume 
t o propagate t o th e t o p o f the convective layer would 
seen t o exceed the l i k e l y l i f e t i m e . His r e s u l t s , 
e s p e c i a l l y on t h e v a r i a t i o n o f radius w i t h h e i g h t , make 
some t r a n s i t i o n a t about 300 m possible , and . t h i s would 
agree w i t h observations by g l i d e r p i l o t s and other 
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workers from a i r c r a f t t h a t thermals o f t e n seem t o fade 
out a t a few hundred metres and then reform. Tihether 
t h i s i s a t r a n s i t i o n t o bubbles, or t o some other form 
o f plume, i s unknown. The success o f Angell (1964) i n 
c o r r e l a t i n g v e r t i c a l c u r r e n t s a t d i f f e r e n t l e v e l s suggests 
plumes as the more l i k e l y model. On the other hand, 
de s p i t e the r e s e r v a t i o n s expressed about g l i d i n g evidence, 
th e general support o f the g l i d i n g f r a t e r n i t y f o r the. 
bubble theory cannot be l i g h t l y set aside. 
There now seem t o be s u f f i c i e n t data t o j u s t i f y a 
t h e o r e t i c a l i n v e s t i g a t i o n o f the possible decay o f the 
V u l ' f s o n plume a t about 300 m. 
Experimentally, the s i t u a t i o n i s u n l i k e l y t o be 
resolved except by the a i r c r a f t surveys o f the v e r t i c a l 
v e l o c i t y f i n e s t r u c t u r e o f thermals, t o prove o r disprove 
the e n t r a i n i n g bubble t h e o r y , and by sinailtaneous f l i g h t s 
a t d i f f e r e n t a l t i t u d e s , t o do the same f o r the plume 
model. Another prcanlsing l i n e o f i n v e s t i g a t i o n i s the 
extension t o h i s work suggested by A n g e l l , using a t l e a s t 
one more barrage b a l l o o n downwind from the f i r s t , and 
o b t a i n i n g many more r e s u l t s than he was able t o . U n t i l 
these experiments are c a r r i e d o u t, i t seems unwise t o draw 
any f i r m e r conclusion. 
CHAPTER 2 
THE PRODUCTION AND TRANSPORT OF SPACE CHARGE 
2.1 Scope Of the Chapter 
The purpose o f t h i s chapter i s t o survey the 
i n f l u e n c e o f e l e c t r i c f i e l d s , and, more f u l l y , the wind-
s t r u c t u r e on the d i s t r i b u t i o n o f chsurge near the ground. 
I t i s not intended as a complete account o f atmospheric 
space charge, such as t h a t given by Chalmers (1967, 
Chapter 6 ) . 
2.2.Production o f Space Charge 
Space charge i s a f u n c t i o n o f d i f f e r e n t 
concentrations o f p o s i t i v e and negative i o n s . I f there 
are n^ p o s i t i v e and negative ions, each o f charge e, 
per u n i t volume, the space-charge d e n s i t y C i s given by 
or » ^ . ( A . - I ' V ^ ) (2.1) 
I o n i z a t i o n o f a n e u t r a l medium always produces 
equal numbers o f p o s i t i v e and negative ions, o f course, 
and t h e r e f o r e no net space charge. However, l o c a l space 
charge may a r i s e i f the ions are separated by an imposed 
e l e c t r i c f i e l d . This takes place i n the atmosphere, but 
a more important source i n h e a v i l y p o l l u t e d regions i s 
the i n j e c t i o n i n t o the a i r o f ions o f one sign i n 
preference t o the o t h e r , the ions o f the other sign 
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f l o w i n g t o e a r t h , e.g. v i a the walls o f the fturnace. 
2,2.1 Charge I n j e c t e d i n t o the A i r 
Various n a t u r a l processes produce charge of one 
s i g n p r e f e r e n t i a l l y i n the a i r . Several workers have 
shown t h a t snow can cause separation o f charge, e i t h e r 
by f r i c t i o n i n d ry show, or by melting and sublimation. 
Splashing water-drops, p a r t i c u l a r l y i n high p o t e n t i a l 
g r a d i e n t s , can give charge t o the a i r , the sign 
depending on t h a t o f the p o t e n t i a l g r a d i e n t . Point 
discharge a t elevated p o i n t s also produces charge, 
vihose s i g n again depends on the sign o f the p o t e n t i a l 
g r a d i e n t , but i s more o f t e n p o s i t i v e . B ursting o f a i r 
bubbles a t the sea surface i s a source o f p o s i t i v e 
charge. Other n a t u r a l sources are dust-storms, and 
volcanoes. 
A l l these e f f e c t s are l o c a l , however, and, f o r 
almost a l l the time i n heavily-populated areas, the 
a r t i f i c i a l sources produce more charge. Charge from 
i n d u s t r i a l and t r a f f i c p o l l u t i o n i s more f u l l y d e a l t with 
i n Chapter 9. This includes the p o s i t i v e charge from 
steam loccsnotives, v ^ i c h has long been recognized, but 
with the passing o f the steam t r a i n from regular s e r v i c e , 
has^aeased t o be an important source i n t h i s country, 
compared w i t h road t r a f f i c . Most charge from t h i s Source 
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seems t o come from d i e s e l engines, and i s p o s i t i v e . 
According t o MMhleisen (1953), chemical l a b o r a t o r i e s 
and gas-works emit negative charge. 
Some other a r t i f i c i a l s t r u c t u r e s produce charge 
separation. I n high humidity, corona e f f e c t s on 
i n s u l a t o r s o f high-tension power-lines give negative 
charge t o the a i r (Chapter 8 ) . Moore, Vonnegut, 
Semonin, Bullock, and Bradley (1962) observed p o s i t i v e 
charge downwind o f a t e l e v i s i o n tower, where i t had 
presumably been concentrated by the electrode e f f e c t , and 
then blown away. Acci d e n t a l or d e l i b e r a t e corona 
discharge a t high-voltage l i n e s w i l l also produce 
charge, as w i l l , o f course, sparking i n e l e c t r i c a l 
machinery. 
Mechanical e f f e c t s can also sometimes separate 
p o s i t i v e and negative i o n s , because o f t h e i r d i f f e r e n t 
m o b i l i t i e s . For t h i s reason, fans produce p o s i t i v e 
charge, and t h e r e i s an excess o f p o s i t i v e ions i n a i r 
d i f f u s i n g from the ground. 
2.2.2 E l e c t r o s t a t i c Charge Separation 
(a) V a r i a t i o n o f c o n d u c t i v i t y w i t h height 
I o n i z a t i o n o f the.lower atmosphere i s due t o 
r a d i o a c t i v i t y i n the ground and a i r , and, t o a lesser 
e x t e n t , t o cosmic rays. The f i r s t two influences vary 
ION ?ejObVCTtOt\i 
tiAre too 
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with height near the ground, and the average resultant 
v a r i a t i o n i n t o t a l ionization-rate i n the f i r s t metre 
over land, as estimated by Pierce (1959), i s shovm i n 
f i g . 2.1. This ionization i s not i n i t s e l f space 
charge, of course, but i t produces charge by one of the 
two e l e c t r o s t a t i c processes of possible importance near 
the ground - the variation of conductivity with height. 
Prom the relationships of potential gradient F, 
conduction current i^^ ^ , conductivity X, space-charge 
density <r, and the constancy of conduction current with 
height, 
5€ " U-x) 
i t follows d i r e c t l y that 
- ' ^ ^ (2.S, 
X i s related to the t o t a l ionization and mobility w: 
X = -e-tA^v. t A j ^ v ^ ) (2.6) 
vdiere the su f f i x s r e f e r s to small ions, and so (2.5) 
implies that a decrease of conductivity with height w i l l 
be accompanied by negative space charge. The decreasing 
ionization-rate shown i n f i g . 2.1 i s l i k e l y to be 
accompanied by f a l l i n g conductivity, but the space charge 
i n the f i r s t metre i s usually positive. This i s because 
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the assuit^Jtion (2.4) that the conduction current i s 
constant with height i s very questionable i n conditions 
of wind (section 2.4), and other sources of charge 
usually mask the e f f e c t . (These two factors are, of 
course, linked.) Charge might be produced by t h i s 
process at the edges of a layer of high concentration of 
pollution, i f the pollution were s u f f i c i e n t to affect 
the conductivity, and steady enough for the quasi-static 
s tate equations to be applicable. The effect i s , however, 
important higher i n the atmosphere, at sharp discontinuities 
of conductivity, such as the top of the exchange layer 
(Sagalyn, 1960), and the edges of clouds. A picture of 
the physical process by iF^ich t h i s production of space 
charge craaes about has been given by Chalmers (1967, section 
2.25). 
(b) The electrode effect 
The other e l e c t r o s t a t i c source of charge possibly of 
importance i n the f i r s t few metres i s the electrode e f f e c t . 
This i s taken to mean here the concentration of positive 
charge at a negative electrode, i n t h i s case the earth, 
because the potential gradient tends to remove negative 
ions from the v i c i n i t y of the cathode. Since the 
concentration of ions i t s e l f e f f e c t s the potential 
gradient c r i t i c a l l y , and the r e l a t i v e concentrations of 
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large and small ions, the variation of ionization with 
height, and the convection current a l l appear to be 
important, the theoretical analysis i s d i f f i c u l t , and 
has not yet been successfully completed. The f u l l e s t 
attempt i s that of Chalmers (1966 - 1967, I - I V ) . (This 
was an attempt by series solution which was inccsiplete 
at the time of the author's death. He thought that 
adaptation of h i s method with the further condition of 
the e f f e c t of the convection current, not so far dealt 
with, might y i e l d a complete solution with the aid of 
a computer. (Chalmers, personal canmunication, 1967)). 
Itot many measurements have been made of the height 
v a r i a t i o n of space-charge concentration i n the f i r s t 
metre. The only clear evidence for space cheurge produced 
by the electrode effect has been obtained by Pluvinage 
and Stahl (1953), and Ruhnke (1962), working over the 
Greenland ice-cap, \^ere the s t r a t i f i c a t i o n i s always 
very stable, the ionization does not vary with height, 
and the nucleus concentration i s very small. UiK^er the 
often polluted conditions of the temperate zone, however, 
the e f f e c t seems to be usually undetectable. 
Ws may conclude that although the two e l e c t r o s t a t i c 
e f f e c t s may be detectable under the right conditions, 
they are unlikely to be sig n i f i c a n t sources of charge 
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under the conditions of the measurements described i n 
t h i s t h e s i s . ^Siere they did occur they would produce 
concentrations of opposite sign. 
2.3 Interactions of Atmospheric E l e c t r i c Parameters 
Potential gradient, space charge, conductivity, and 
the conduction current are linked by the equations 
3*. = to <2.2) 
I, ' (2.3) 
1^  ' V x l ^ (2.7) 
V i s the potential of the electrosphere, and P the 
coliimnar resistance of the atmosphere. Also, from 2.1 
and 2.6, a change i n conductivity with time may be 
accompanied by a change of space charge; and, from 2.5, 
a change of conductivity from place to place always 
involves space charge. The effect of changes with time 
i n any of these quantities on the others w i l l now be 
considered, to c l a r i f y the various e f f e c t s l i k e l y to 
accompany space charge. 
The immediate eff e c t s of changes with time i n any 
of the quantities for the region under consideration 
may be represented by a diagram ( f i g . 2.2), the arrows 
pointing from cause to e f f e c t . Ionic concentration 
changes may produce changes i n either space charge or 
conductivity, depending on how the r e l a t i v e concentrations 
X - e(ns,w,+ nsjWj) 
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of large and small, positive and negative, ions change. 
For example, an inflvix of predominantly positive or 
negative large ions from a pollution source w i l l change 
the potential gradient and the conduction current 
Immediately, but not the conductivity. A sudden uniform 
change i n small ion concentration, producing equal 
numbers of positive and negative ions, such as might be 
produced by a burst of ionizing radiation, w i l l not 
af f e c t space charge, but w i l l increase conductivity 
l o c a l l y . The eff e c t s here are more complicatedi the 
potential gradient i s decreased, according to (2.7), 
but the conduction current i s not affected, because 
potential gradient and conductivity i n (2.3) have 
changed i n inverse proportion. 
Prom t h i s i t can be seen that short-term changes of 
potential gradient can be caused by changes i n space 
charge or conductivity near the ground. The exact 
space-scale on vdiich the above arguments apply depends 
oh the assumption, i n applying (2.7), that the columnar 
resistance i s unchanged. This i s obviously true for 
changes i n conductivity over a few tens of metres, but 
a very large-scale change of conductivity, for example 
the column of ionization produced by a cosmic ray 
extensive a i r shower, w i l l affect P as well, and t h i s must 
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be taken into account. The above arguments also neglect 
possible changes i n mobility of the small ions. 
There i s also a time-scale limitation. The 
sudden i n j e c t i o n of space charge into a systen i n a 
qua s i - s t a t i c equilibrium (Chalmers 1967, section 2.23) 
w i l l ixamediately change potential gradient and conduction 
current as shown above. However, a l l the space charges 
present w i l l begin to move i n the conduction current, 
affecting the f i e l d d i s t r i b u t i o n , u n t i l a new equilibrium 
i s set up. This means that after the i n i t i a l 
instantaneous change, there i s a slow change to a new 
equilibrium, with a time constant equal to ^ / A (the 
"relaxation time" of the atmosphere), the potential 
gradient and conduction current changing together 
(Kasonir, 1950). This implies that the arguments from 
f i g . 2.2 only apply for changes short caapared with the 
relaxation time (about 16 min). However, C o l l i n , Groom 
and Higazi (1966) have shown that the changing of the 
a i r a t the experimental s i t e by wind i s much more 
important than e l e c t r i c a l relaxation i n changes of 
conductivity, implying that, at Durham i n daytime at 
l e a s t , the qu a s i - s t a t i c equilibrium i s never attained, 
and the time limitation i s therefore not serious. For 
a s i t e with horizontal uniformity of e l e c t r i c a l 
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conditions over several miles, t h i s conclusion would 
presumably not apply, because the "new" a i r brought by 
the wind vrauld not d i f f e r from the "old" blown away. In 
long-term changes, the ef f e c t s of changes i n the 
equilibrium of large and small ions, due, for example, 
to the introduction of more large ions, roust be taken 
into accoutn. 
As i l l u s t r a t i o n s of magnitude of the effect of 
space charge on potential gradient, a horizontal layer 
of space charge of density + 20 pC m"^  (125 e cm""^), 
one metre thick, would produce a potential gradient 
underneath of about 2.26 V ro~^. The potential gradient 
i s inversely proportional to the conductivity of the 
a i r i n v^ich i t i s measured. 
The other questionable assumption i n the above 
arguments, that only the conduction current i s 
responsible for the transport of charge^ does not affect 
short-term changes, but w i l l now be dealt with more f u l l y . 
2*4 The Convection Current 
2.4.1 3toportance 
Discrepancies i n conduction current values obtained 
by the d i r e c t and indi r e c t methods, i . e . by measuring the 
current to an exposed plate, and by calculating the 
current from the conductivity and potential gradient. 
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have long suggested that the transport of charge by 
convective movement, the convection current, may be 
important i n the f i r s t few metres. Chalmers (1957) 
doubted i t s importance on the grounds of the small space-
charge densities found, but Law (1963) considered h is 
r e s u l t s required a convection current, and the same 
conclusion seems to be required by the r e s u l t s of 
Higazi and Chalmers (1966), vihich w i l l be taken as an 
i l l u s t r a t i o n . 
Measuring conductivity at three heights, Rigazi and 
Chalmers found the following average values ( i n sx-"^ m~^ ) : 
at the ground, 1.09 x 10*^*,* at 0.2 m, 0.93 x l o " ^ * ; at 
-14 
1 m, 0.84 X 10 : Measurements of space charge at the 
same s i t e during the same period gave values of about + 10 
pC m"^  at 1 m (Bent and Hutchinson 1966), corresponding 
to a change i n potential gradient i n the f i r s t metre of 
about 1 V m~^ . I t can be seen (equation 2,3) that these 
values therefore lead to a decrease i n conduction 
current with height i n the f i r s t metre of about 30% and 
any positive space charge w i l l make the discrepancy -12 -12 bigger. The values are 1.31 x 10 , 1.12 x 10 , and 
1.01 X lo'^^k m"^  . 
The obvious conclusion i s that there i s a convection 
current which combines with the conduction current to 
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give a t o t a l charge transport independent of height. 
I t i s important to r e a l i s e that, since the conduction 
current transfers positive charge downwards, these 
figures imply that a convection current transferring 
positive charge upwards decreases with height. The 
sign conventions for currents and space-charge density 
gradients were given i n the Foreword. 
The purpose of t h i s section i s not to attenpt a 
coDttplete theoretical solution of the complex problon 
of charge transport, but to show how measurements of 
space-charge density gradients, such as are easy to 
make with f i l t r a t i o n apparatus, might enable the 
p r a c t i c a l calculation of convection currents. The cases 
of forced and free convection w i l l be dealt with 
separately. 
I t i s easy to j u s t i f y the treatment of space charge 
as ca r r i e d e n t i r e l y by the wind. Small ions have 
mobilities of about 10 m s per V m , and large ions 
about one-twohundredth of that. The average f a i r -
weather potential gradient should therefore give^small 
ion^ a velocity of about 1 cm s""*", which i s usually 
small compared with the velocity given to i t by wind-
generated turbulence. An i l l u s t r a t i o n of the truth of 
t h i s i s the success of Maund and Chalmers (1960) i n 
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confirming experimentally the a p p l i c a b i l i t y of diffusion 
theory to space charge i n much higher potential gradients. 
For the same reason, the use of an earthed support for, 
say, space-charge measuranent apparatus, does not 
e l e c t r i c a l l y a f f e c t the space-charge s t r a t i f i c a t i o n , 
provided the support i s not too high. The conduction 
current involves a net movanent through the turbulent 
lay e r , of course, but t h i s i s an ov e r a l l movement 
occurring i n a generally almost-random motion. 
2,4.2 Forced convection 
^ - n- ~- I .r'n-- i 
. Over any vegetated surface at appreciable wind-
speed, "aerodynamically rough" flow occurs, i n which the 
wind-speed p r o f i l e i s influenced only by turbulence, and 
not by molecular v i s c o s i t y . This i s the case that w i l l 
be considered. 
By the usual arguments, a turbulent transfer 
c o e f f i c i e n t can be defined for space charge, so that 
the convection current 
S H (2.8) 
This i s analogoj^s to the momentum flux equation, for 
example: 
^ = -b^  (2.9) 
\Aiere p i s the density of a i r . and K^ ^ are equal 
under the same conditions, being properties of the f i e l d 
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of a i r motion* A difference between these equations i s 
that t i s constant with height, whereas i t i s the t o t a l 
current ( i ^2^ that i s constant. Because of t h i s , 
we can make no deductions from (2*8) about the shape of 
the space-charge density gradient. The difference of 
sign between (2*8) and (2*9) i s a consequence of the 
sign conventions explained i n the Foreword. 
Because of the dependence of K on u and z, i t i s 
more convenient to express r e s u l t s i n terms of a reference 
v e l o c i t y , the " f r i c t i o n velocity" u^, defined by 
71 (2.10) 
(The basis of t h i s d e f i n i t i o n i s that experimentally X 
2 
i s proportional to u *) From (2.10), i t i s clear that u^ 
i s a quantity independent of height, but proportional to 
wind-speed at a par t i c u l a r height. 
Experimentally, for aerodynamically rough flow i n 
neutral s t a b i l i t y . 
Hence we can put 
H = ^Vteii (2.11) 
vdiere k i s a constant independent of surface, u, and z, 
known as Von Karman's constant* The wind p r o f i l e i s 
obtained by integration; 
= -i- (2*12) 
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i/ftiexe Z Q i s another constant, the "roughness length". 
The magnitude of t h i s depends on the surface, and i s 
usually an order of magnitude l e s s than the s i z e of the 
roughness elements, Sutton (1953) gives t y p i c a l 
experimental values of u^ ^ and z^ for natural surfaces, 
the u^ values being for a \d.nd of 5 ra s"^ at 2 m, i n 
neutral s t a b i l i t y . 
Table 2,1 
Surface u^ ( m s"^) z^ (cm) 
Very smooth (mud f l a t s , i c e ) 0.16 0.001 
Grass up to 1 cm high (lawn) 0,26 0.1 
Thin grass up to 10 cm high (downlai^) 0,36 0.7 
Thick grass up to 10 cm 0.45 2.3 
Thin grass up to 50 cm 0,55 5 
Thick grass up to 50 cm 0.63 9 
Prcan (2.9), (2.10), and (2.11), 
= V?.-£ (2.13) 
^ * -^"t (2.14) 
Hence, from (2.8), 
k ^ a . (2.15) 
and = 
Vie are now i n a position to consider again the 
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r e s u l t s of Higazi and Chalmers. These require a positive 
convection current increasing with height, or a negative 
current decreasing with height. The r e s u l t s of Bent 
and Hutchinson, and other workers, lead one to expect 
a positive space charge whose density decreases with 
height, and t h i s w i l l f u l f i l l the above conditions 
provided that ~~ «r §n' n > l , giving a negative 
current t^ose magnitude decreases with height. 
Bent and Hutchinson (1966) found that the space-
charge densities a t 1 m and 2 m, on the s i t e vhere 
Higazi and Chalmers worked, did not usually d i f f e r by 
more than 1.6 pC m*''^  (the l i m i t of accuracy of 
measurement) . Taking k « 0.4, and <= 0.5 m s"^, 
(2.15) gives for the density difference between 1 and 2 m 
v^.o- = 5 ^ (MKSA units) 
Assuming ±2 constant with height ir-m over t h i s region ±2 
-13 -2 
i s l e s s than 5ilO A m , which i s about half the value 
for the conduction cvurrent at 1 m obtained from the 
r e s u l t s of Hagazi and Chalmers. The calculations of Law 
ACT 
(1963) show that g~ decreases rapidly with z, and so 
( r e a l i s t i c attempts to calculate convection currents from 
space-charge density gradients would seem to be limited, 
by the s e n s i t i v i t y of the apparatus, to the f i r s t metre, 
and can only give a mean value of i2 over the height 
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rang^ measured. Simultaneous measurements of are 
required to calcu l a t e u^, 
2.4.3 Free Convection 
For the free convection zone (section 1.3.3), 
P r i e s t l e y (1954a) obtained, by dimensional analysis, an 
expression for the heat flux . 
; < H . kpc, (D'^i^ t^'- (2.16) 
where h i s a dimensionless constant. By similar 
arguments, we can derive an expression for the convection 
current. I t i s reasonable to assume that the current i j 
'through a l e v e l z depends on z, the space-charge density 
gradient g-", the potential temperature gradient ^ , and 
a factor including g viiich represents the expansion of 
the a i r as i t r i s e s , and, for a perfect gas, should 
appear as V^ ,^  Putting, then 
and equating dimensions i n the usual way, we obtain 
H ^ ^ ivw ( l ^ ; (2.17) 
This i s analogous to (2.16), with i ^ replacing H, and 
replacing the "potential heat gradient" Cpp ^ . This i s 
vdiat v;ould be expected, since the same f i e l d of motion 
i s responsible for the transport of space charge as for 
the heat transport. The same dimensionless constant should 
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occur i n both equations. 
Rewriting (2.16), 
Substituting i n (2.17), 
(2.19) 
P r i e s t l e y (1959, P.44) gives h = 0.9 as the best 
P -3 experimental value. Putting jp- » 1.20 kgm m , Cp » 
i.Ol X 10^ J kgflj degC T = 293 °A, g « 9.81 m s'^, 
«= -1 degC m at 1 ra, we get H = 200 watts m fran 
(2.16). Substituting these figures i n (2.19) gives 
(MKSA units) 
k ' ^'^^ ^* (2.20) 
For a difference of 1.6 pC between 1 and 2 m as 
-13 -2 
before, i 2 = 4.2 x 10 Am , which i s s l i g h t l y l e s s 
than was obtained for the forced convection case. For 
experimental determination of i j i n t h i s case, knowledge 
An ° >6 "her 
of ^ i s not necessary, of course; T, ^ , and ^  must 
be known, h o w e v e r ^ * ^  * ~* where i s the dry 
adiabatic lapse-rate. The accuracy of the determination 
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i s l i k e l y to be limited by the uncertainty i n h, which i s 
perhaps knovm to.+ 0.05 (see Priestley, 1959, chapter 4 ) . 
Of more iramediate inte r e s t i s the s i z e of the 
peaks i n space-charge density that might be expected to 
coincide with P r i e s t l e y ' s plumes. The treatment of 
P r i e s t l e y and B a l l (1955), summarized i n section 1.3.3, 
can be adapted to derive the space-charge transfer, 
instead of heat tran s f e r . Referring to that section, 
the equations of mass continuity (1.4} and v e r t i c a l 
motion (1.5) are c l e a r l y unchanged. Rewriting (1.6), 
(F i s here the r a d i a l turbulent potential heat flux) 
As above, since the same pattern of motion i s responsible 
for space-charge transport as for heat transport, i t 
seems reasonable to follow the mathematical argument 
of P r i e s t l e y and B a l l , substituting the space-cheurge 
density for "potential heat" density ( i . e . Cpj?©) 
throughout. Only the parts of the treatment that require 
t h i s substitution are given here. 
(1.6) becomes 
1^  (<rra^) +1f (ri^rCr) = " ? r (.'•^ ) (2.21) 
where Q i s the r a d i a l space-charge flux. P r i e s t l e y and 
B a l l give (1.6) i n terms of the excess of quantities i n 
the plume (denoted by ) over the environment (denoted by 
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g), vAiich, i n adapted form, gives 
l-^C^W) * },(r^.') - - l - , ( ^ Q ) - r ^ " * ^ {2.22) 
This can now be integrated i n the same way as equation 
(5) of Pr i e s t l e y and B a l l . The different condition i s 
that as r-^oP, rQ> w and o'-?»0. The integration 
becomes 
^ ^-^r^^'cL^ = - r ^ <U (2.23) 
Ws need to make an assumption about the form of the 
r a d i a l space-charge density pr o f i l e i n the plimie. ^ 
assiane ~, to be a function of /R, where R i s some linear m 
c h a r a c t e r i s t i c of l a t e r a l extend, and m denoted the 
a x i a l (maximum) value, i . e . 
^ - ^ l i ) (2.24) 
and the velocity p r o f i l e by another function 
= J (4) (2.25) 
This gives from (2.23) 
f^.{[i) < ^ [i) clr - - [^^. ffi) JLr (2.26) 
vi\ich, according to P r i e s t l e y and B a l l again, gives 
viiere d i s a p r o f i l e constant, which i s determined by f 
and h. They then assumed that the p r o f i l e s of 
A 
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temperature and v e r t i c a l velocity had the same form 
( i . e . , were " s i m i l a r " ) , and t h i s form was Gaussian. 
I t i s reasonable to assume that the space-charge density 
p r o f i l e i s s i m i l a r to the v e r t i c a l velocity p r o f i l e , 
I. 
but Vul'fson (1964) has shown (1 - ^ / 2yH to be a 
R 
r2 9 
much more l i k e l y form than exp ( - /2R ) • The 
difference t h i s makes i s considered below, but, for the 
mcmentr we follow the solution of P r i e s t l e y (1956), and 
assume 
{ k = ^{j^y^e) (2.28) 
This gives the p r o f i l e constant d « a% • 
For free convection, from (2.19), e^ y^^  X (o^ w ^ (MKSA units) 
Hence, from (2.27) 
> ^ Q}-^^< » - 0-61 U'i*'^ (2.29) 
Frcxn (2.29) can be obtained the expression for the 
maximum space-charge exces| i n the plume: 
, o-^  r ( i d ) ^-Sri^V''^ (2.30) 
This i s analogous to the temperature excess equation: 
a'^r ( i J l ) CV'^ (2.31) (^  0 
decided e a r l i e r that the maximu probable value of 
i , between 1 and 2 m, on the basis of the r e s u l t s of Bent 
and Hutchinson (1966), was 4.2 x 10**^^ A m'^ . Substituting 
r 
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±2 « 4 X lo"^^ h m"^ , d « 2, 2 *• 1 m i n (2.30), we 
obtain ^./^ 
<yj , O tt*- V;^ e (2.32) 
' ' o 
The corresponding value of © i s 1 C, which i s 
of the r i g h t order of magnitude. 
Vul*fson's r e s u l t s on the r a d i a l p r o f i l e can be 
taken into account by substituting i n (2.26) 
Since t h i s form of plume has a boundary at r = R, instead 
of r " 00, the l i m i t s of integration become o and R, 
giving 
The left-hand side of t h i s can be integrated d i r e c t l y , and 
the right-hand side by means of the siibstitution r » R c ^ 
The r e s u l t i s 
< ' i ' = - ^  ^ (2.34) , 
and so, by comparison with (2.27), 
Kence, from (2.30), at 1 m, 
As was noted i n section 1.3.3, t h i s model gives considerably 
worse agreement with observation than the Gaussian cross-
section, as far as heat-flux measurements J9>re concerned. 
In any case, since Vul'fson found R oc z*^ , and Priestley's 
64. 
equations give R « z, the v a l i d i t y of the whole 
treatment i s suspect. However, the treatment does 
give, answers correct to within an order of magnitude 
for the temperature and heat-flux values, and the same 
measure of agreement can be expected for the space-
charge density values. 
2.4.4 Sunroary 
Applying well-known turbulence theory, the convection 
current i n the forced turbulence regime i s shown to be 
"iff" 
proportional to u^ z ^ (from 2.15); and, by dimensional 
a n a l y s i s , i n the freis convection regime, to (|^ )^ z*^ '^  ^ 
which i s i t s e l f proportional to t T (from 
2.16 and 2.19). I n both these cases, a convection 
current comparable with the conduction current i s 
necessary before the space-charge density gradient i s 
detectable with apparatus available at present. 
The convection plumes postulated by Priestley w i l l 
produce a peak i n space-charge density, but one whose 
magnitude at 1 m i s well below the random "noise" of 
space-charge density variations usually measured i n any 
weather. Previous space-charge measurements i n connective 
weather are discussed i n the light of these conclusions i n 
the next chapter. 
CHAPTER 3 
PREVIOUS MEASUREMENTS, AKD THE GENERAL PIAN OF THE 
EXPERIMENT 
3.1 Previous Space-Charge Measurements i n Convective 
Weather 
This section reviews, as far as i s relevant, the 
measurements of Law (1963), Bent and Hutchinson (1966), 
and m i t l o c k and Chalmers (1956), 
3,1.1 The Measurements of Law (1963) 
Law's measurements are relevant to the theory i n 
the previous chapter, but only incidentally to the rest 
of the t h e s i s , and so they w i l l be dealt with b r i e f l y . 
Law measured the positive and negative small-ion 
concentrations, and the nucleus concentration, a t various 
heights; the space-charge density at 0,5 m, the conductivity 
below 0,5 m and at 1 m, and the potential gradient at 1 m. 
He found that the space charge was generally positive 
during the day, but negative at night, and that the 
var i a t i o n of the paurameters with height r«iuired an 
appreciable convection current. By assuming constancy of 
the t o t a l current.^ with height. Law worked out variations 
of space-charge density with height i n the f i r s t two 
metres consistent with h i s r e s u l t s , and with the small 
v a r i a t i o n of potential gradient with height ccanmonly 
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found. The turbulent transfer coefficient K was not 
measured, and Law's assumption of one value for daytime 
and another for night amounts to assumed, fixed values 
for the wind-speed. This i s , however, a r e l a t i v e l y 
minor c r i t i c i s m . I n view of the low values of z, the 
i m p l i c i t assuit^tion of forced convection i s probably 
j u s t i f i e d . The calculations are e f f e c t i v e l y based on 
theory similar to that of section 2.4.2, and cannot of 
course be taken as confirmation of the theory, except i n 
a broad sense. 
Law also calculated, with scsne success, the l i k e l y 
d i s t r i b u t i o n s of small ions with height under various 
conditions, making assumptions about the variation of 
ionization with height. He does not seem to have 
explained f u l l y the sign difference between day and night, 
however. 
3.1.2 The Measurements of Bent and Hutchinson (1966) 
This experiment was o r i g i n a l l y designed to detect 
space-charge density gradients associated with a con-
vection current. As already noted, i t did not generally 
detect any. On scane occasions, however, they seem to 
have detected free-convective buoyant elements. During 
the periods i n question, measurements were made of 
space-charge density at 1 and 19 m, wind-speed at 17 m. 
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humidity at 1, 2 and 19 m, and temperature at 0,5, 
1, 2 and 19 m. On days when free convection might 
be expected, they found positive peaks of space-
charge density at both heights, frequently 25 pC m 
i n amplitude, coinciding with r i s e s i n t^iperature and 
humidity at a l l heights, and l e s s marked f a l l s i n wind-
speed. The temperature r i s e s were often about 1°C, 
The v e r t i c a l continuity and sharp-edged nature of 
these disturbances mcUces i t very probcible that they 
were due to some kind of plume of a i r r i s i n g from the 
ground. However, interpretation of the peaks i n terms 
of plumes l i k e those postulated by Priestley faces one 
major d i f f i c u l t y : the magnitude of the space-charge 
pulses. I t was shown i n the l a s t chapter that the 
plumes might be expected to give peaks of perhaps 
or ^ ^ p C m . This i s only a rough estimate, but i s 
unl i k e l y to be i n error by more than an order of 
magnitude. The s i z e of the pulses i n the theory i s 
governed by the s i z e of the space-charge density 
gradient, which, of course, was measured. I t might 
be argued that we do not know how t h i s gradient varies 
with height, and that i t might increase sharply below 
1 m. Law's (1963) calculations show t h i s to be so -
-4 
he obtained a gradient at 0.1 m of about 24 pC m . 
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However, even with t h i s gradient, equations (2.20) 
and (2.30) only give a peak of (1.6) pC m . In view 
of the uncertainties i n both theory and measurement, i t 
would be unwise to say that these space-charge peaks 
do not a r i s e simply from transfer of charge from close 
to the ground - i t i s d i f f i c u l t to see where else 
the chaurge could crane from - but the theory and experiment 
must be said to disagree seriously. 
The average separation of the peaks was about 9 min, 
and the s p a t i a l separation, obtained by multiplying 
t h i s by the wind-speed, averaged 2.1 km. These figures 
w i l l be discussed further i n chapter 6. Unfortunately, 
d e t a i l s of the average magnitudes and durations of the 
peaks were not given. 
3.1.3 The Measurements of Whitlock and Chalmers 
(1956) ~ ~ 
Working a t Durham University Observatory, the s i t e 
used l a t e r by Bent and Hutchinson, Whitlock and Chalmers 
found i n f a i r weather with some cumulus cloud, but not 
i n completely cloudless weather, positive peaks of 
potential gradient of amplitude about 100 V ra*"^. By 
correlating the records from two f i e l d - m i l l s separated 
i n the direction of the wind, and comparing the delay 
with the surface wind-speed, Whitlock (1955) concluded 
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that the peaks were due to packets of space charge 
moving with the wind at a height of a few tens of metres. 
The average separation i n time was about 6,2 min, and 
the average s p a t i a l separation 3,4 km. 
'Khitlock and Chalmers attributed these peaks to 
v e r t i c a l columns of positive charge carried up i n the 
updraught of a convective process, and the magnitude and 
shape of the peaks i s approximately what would be 
expected from a v e r t i c a l semi-infinite l i n e of charge, 
of density s i m i l a r to that measured by Bent and 
Hutchinson i n t h e i r plumes. 
We may conclude that these.results are consistent 
with those of Bent and Hutchinson (1966)• 
3.2 The General Plan of the Experiment 
3.2*1 Inspiration aTid Objects 
The experiment was o r i g i n a l l y conceived to 
investigate the convective phenomena described by ^Jhitlock 
and Chalmers (1956), to see over what distances the 
potential gradient pulses persisted, as the space charge 
was moved by the wind, and to rela t e the changes to 
measurements of v e r t i c a l a i r velocity. During the early 
stages of preparation, the results of Bent and Hutchinson 
(1966).came to hand, and these changed the emphasis of 
the experiment s l i g h t l y * I t was decided to t r y to confirm 
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experimentally that the space-charge pulses were a 
convective phenomenon, and to relate them more 
d e f i n i t e l y to one or other of the theories of 
convection, to define more closely the conditions 
under vdiich they occurred, and, by simultaneous 
measurements at separated points, to determine the 
l a t e r a l extent and speed of movement of the pulses. I t 
was a l s o plaxmed to repeat the observations at a s i t e 
Other than Durham University Observatory, to confirm 
that the phenomenon was not j u s t a consequence of the 
l o c a l topography. 
3.2.2 Sites.and Transport 
The Observatory (National Grid Reference NZ 267415) 
stands on a small h i l l about 1 km south-west of the centre 
of Durham Ci t y , with the land sloping gently away to the 
north and west, and more quickly to the south and east. 
The building i s immediately surrounded by f i e l d s , but, 
except to the south and south-east, there i s some built-up 
area beyond these f i e l d s i n every direction. The l o c a l 
d e t a i l s e s p e c i a l l y relevant to the convection study are 
described i n Chapter 6. A t l km to the north of the 
Observatory passes the main London-Edinburgh east-coast 
railway l i n e , and the main London-Edinburgh trunk road 
(the Al) passes % km to the west. In every direction. 
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there are v i l l a g e s or small towns within a few 
kilometers. The North Sea l i e s 18 km to the east, and 
i n on-shore winds the low cloud and mist i t produces 
frequently reach as far as Durham. 
The s i t e c l e a r l y differs.from the type usually 
selected for convection studies, but t h i s i s not 
altogether a disadvantage: i t would be useful i f the 
measurements made near the ground on very flatiifiltes 
could be confirmed here• 
Permission was also obtained to make meastirements at 
Mordon Carrs (N2 3226), which i s probably the f l a t t e s t 
ground i n County Durham not draainated by industry, and, 
apart from occasional small trees and low fences, i s 
very f l a t , and r u r a l . The main railway l i n e runs through 
the area, but the open pastureland gives a good view 
of the l i n e , and would allow any pollution effects from 
t r a i n s to be quickly i d e n t i f i e d . The region i s not as 
heavily populated as the c o a l f i e l d immediately curound 
Durham, and the nearest town i s Newton A y c l i f f e , about 
4% km west-south-west. 
A long-wheelbase, hardtop Land-Rover, equipped as a 
mobile laboratory, was used as a base and for transport. 
3*2.3 Principles of Design of Equipment 
I t was decided that the advantage of having f u l l y -
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mobile equipment, and being able to select and change 
experimental s i t e s at w i l l , Outweighed the advantages of 
a fixed s i t e , e s p e c i a l l y as part of the object of the 
experiment was to confirm that the phenomenon 
investigated was not a purely l o c a l i e f f e c t . This imposed 
severe limitations on the equipment: f i r s t l y , on i t s 
physical s i z e and aiiK)unt, both because of the limited 
carrying capacity of the Land-Rover, and the need to be 
able to set up or stow away the equipment in a reasonable 
time; and secondly because of the need to work frran mobile 
power supplies of limited capacity, 
Measxirements made at the Observatory could be 
supplemented by the Observatory Meteorological Station's 
instruments. At the other s i t e , i t was intended that 
temperature, wind, and possibly humidity gradients should 
be measured. Space-charge density measurements were to 
be made at 1 m, which, i n view of the re s u l t s of Bent and 
Hutchinson (1966) , was thought to be a su f f i c i e n t height 
to detect the convection e f f e c t s . Besides the temperature 
gradients, i t was thought useful to measure rapid changes 
of temperature, to re l a t e these to the space-charge 
pulses. Provision was also made to measure the general 
ambient brightness, to see i f changes i n the strength of 
sunlight had anything to do with the triggering of the 
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pulses, and the brightness of the sky overhead, to 
detect any r e l a t i o n between clouds overhead and up-
draughts on the ground, as suggested by Durst (1932). 
Potential gradient was also measured. 
One parameter obviously relevant was v e r t i c a l a i r 
v e l o c i t y , and some time was spent designing and partly 
constructing apparatus to measure t h i s . Before the 
apparatus was complete, however, the author had the 
opportunity of a conversation with J.W. Telford, of 
C.S,I;R«0, Radiophysics Division, who advised him that 
variations i n v e r t i c a l velocity were so changeable, 
e s p e c i a l l y near the ground, that the d i f f i c u l t y of 
measurement was barely j u s t i f i e d . For t h i s reason, 
greater p r i o r i t y was given to other equipment, and t h i s 
apparatus was never finished, although measurements of 
t h i s quantity were made l a t e r , by a more primitive method 
described i n Chapter 6, 
So that the same pulses could be identified at 
di f f e r e n t places, three f l e l d - ^ l l s and quick-response 
thermometers were made. Id e a l l y , space-charge density 
would have been the quantity measured i n t h i s way, but 
t h i s was prevented mainly by the cost of the equipment, 
e s p e c i a l l y the electrometer needed with each c o l l e c t o r , 
and a l s o the s i z e and power consun^tlon of the apparatus, 
and the d i f f i c u l t y of moving i t about i n the f i e l d . 
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When the experiment was o r i g i n a l l y planned, i t 
was hoped to use an automatic recording system under 
development by K.N. Groom (Groom 1966, Chapter 10), i n 
vdiich a voltage signal between 1 and 10 V from each 
instrument would be converted to a frequency and 
recorded i n turn on a tape-recorder, to be played back 
l a t e r , and automatically c o n v e r t s to punched-tape form, 
suitable for use as a computer data tape. For t h i s 
reason much of the equipment was designed to give a 
voltage output between 1 and 10 V, with an output 
impedance small compared with the 56 KJL input in^edance 
of the voltage-to-frequency converter. Also, with t h i s 
system i t would have been easy to handle a large number 
of parameters^ and i t was o r i g i n a l l y planned to use 27 
recording channels. 
However, due to shortage of time, t h i s system was 
unfortunately not completed, and so recording was carried 
out on a 4-channel 0 - 1 mA galvanometer pen recorder, of 
c o i l resistance 1.3 K J U . A "telephone-exchange" 
switching system enabled any four of the parameters to be 
measured simultaneously, and i n the circumstances t h i s 
was found sat i s f a c t o r y . 
The time constant of each piece of apparatus was 
o r i g i n a l l y designai t?o be about equal to the cycling time 
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of the proposed automatic recording system, viz. 10 s. 
This seemed a suitable i n t e r v a l for the stvidy - short 
enough to bring out any large-scale structural d e t a i l 
i n the convection pulses, but long enough to smooth out 
many of the higher-frequency changes - and so t h i s was 
the reguirement generally observed even after the 
automatic system had been abandoned. 
The apparatus i s described i n d e t a i l i n Chapters 
4 and 5. 
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CHAPTER 4 
THE SPACE-CHARGE COLLECTOR 
4.1 Scope of the Chapter 
I t i s not the intention to review here the various 
methods of measuring space-charge density, for which the 
reader i s referred to Vonnegut and Moore (1958). In 
t h i s work, a f i l t r a t i o n apparatus, similar to that 
described by Bent (1964, and 1965 chapter 3) was used, 
and t h i s chapter i s an account of i t s construction, 
t e s t i n g , and use, with the d i f f i c u l t i e s encountered i n 
using the apparatus, and improvements suggested for the 
design of future instruments. 
4.2 Conistruction and Use 
The detailed structure has been described by Bent 
(1964, and 1965, chapter 3 ) . The collector i s shown i n 
f i g s . 4*1 and 4.2. B a s i c a l l y , i t consists of a gla s s -
asbestos f i l t e r , which captures the ions as the a i r 
passes through. The ions induce an equal and opposite 
charge on the enclosing frame of the f i l t e r , and a charge 
of the same sign and magnitude as the captured charge i s 
repelled to earth through the measuring apparatus, to 
which the f i l t e r frame i s connected. Both the gla s s -
O 
--J 
- J o o 
UJ 
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asbestos f i l t e r and a stainless-steel-wool p r e f i l t e r 
are enclosed i n an earthed copper shield, which protects 
them from the Earth's e l e c t r i c f i e l d (therefore preventing 
displacement currents), but from which they are highly 
insulated. 
Two minor modifications were made to Bent's design. 
Oh h i s advice, the nose-cone v/as redesigned so that the 
intake tube was tapered to slope outwards, instead of 
inwards. This meant that any condensation i n the intake 
tube; tended to r o l l out of, rather than into, the 
co l l e c t o r . The other modification was made to the back 
support of the inner cone (which held the f i l t e r ) . The 
support here v/as by four brass rods attached to the front 
support of the f i l t e r , which mated with holes i n four 
insulators attached to the back bulkhead of the outer, 
earthed s h i e l d . \^en the back cone of the collector was 
removed, the bulkhead came with i t , and i t was very 
d i f f i c u l t to replace i t so that the four rods, which were 
quite springy, because of th e i r length, matched the holes 
i n the insu l a t o r s . A brass mask was made, with four holes 
to match the holes i n the insulators, and t h i s was slipped 
over the top of the rods to hold them the correct distance 
apart to match the insulators. This simple improvement 
made the overhauling of the collector a much easier task. 
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The meter used was an "Ekco" Vibrating Reed 
Electrometer (V.R.E.), type N616B - the same sort as 
was used by Bent. This consisted of a head unit, which 
had to be mounted with l e s s than two feet of cable 
between the f i l t e r and the unit input, and an indicator 
unit, which v/as mounted i n a rack i n the Land-Rover, and 
coBnected to the head unit by two twelve-way cables, 
each loo feet long. The applied signal flowed to earth 
through a 10 J J . r e s i s t o r , and the instrument measured 
the voltage across the r e s i s t o r . The output from the 
V.R.E, was displayed on a panel meter, and as a O - 1 mA 
recorder output. The most sensitive f u l l - s c a l e 
d e flection of both outputs corresponded to an input of 
3 mV, i . e . 3.10~^^ A through the input r e s i s t o r . 
I t was easy to adjust the time constant of the V.R.E., 
siinply by putting a capacitor i n p a r a l l e l with the 10^^^ 
r e s i s t o r , each pP corresponding to 1 s. The minimum 
allowable capacitance was 1 s. For almost a l l the work, 
a time constant of 5 s was used. I t i s important to 
r e a l i s e that, because the signal was applied to the grid 
V 12 of a val«e, and then leaked away through the 10 -n. 
r e s i s t o r and the capacitor, the time constant applied to 
the decay of signals, and not to thei r increase. A sudden 
increase i n charge density would be registered 
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immediately, but a f a l l to zero would show as a decay 
with the time constant* 
To minimize the movement of the cable between the 
col l e c t o r and head unit , which caused piezoelectric 
e f f e c t s i n the cable insulator, the two were mounted 
together on a thick piece of blockboard ( f i g . 4.2), and 
the connection made using anti-microphonic cable i n a 
copper tube, vdiich was r i g i d l y fixed at each end, and 
covered with a sunshade. These precautions against 
noise are described more f u l l y i n section 4.6. 
Diiring transport, the collector yaas mounted on the 
inside wall of the Land-Rover, and the caQjles l e f t 
connected. Because the V.R.E. i s supposed to take 24 
hours after switching-on to s e t t l e down, i t was l e f t on 
alnK>st permanently. In fact , i t was found that the 
device was quite usable h a l f an hour after swltchlng-on 
from cold: presximably the I n s t a b i l i t y shows i t s e l f 
mainly i n slow zero d r i f t , which was not a source of 
concern, since short-period space-charge pulses were 
being studied. I f the V.R.E. were j u s t switched off for 
a few minutes, ten minutes warm-up was found to be ample, 
and, i n fa c t , i t was found convenient to switch o ff and 
disconnect the cables while the collector was being put 
out. 
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i n use, the collector was set up, and, after the 
\jarm-Mp period, the V.R.E. was zeroed. A record was then 
taken for a few minutes v/ith everything switched on, 
except the fans to suck a i r through the f i l t e r . This 
determined the noise l e v e l before the space-charge was 
measured. This noise determination was occasionally 
c a r r i e d out at the end of a record as well, and i t was 
generally found that the noise had decreased considerably, 
presumably because both the V.R.E, and the power supply 
were more stable. 
I n the f i e l d , the colle c t o r yms mounted on a cuboid 
adjustable-angle frame ( f i g . 4,2) which supported i t 
f a i r l y r i g i d l y 1 a above the ground. 
I t was sometimes necessary to check that the 
c o l l e c t o r and V.R.E, were working properly. The connection 
to the V,R,E, could be checked by charging the barrel of 
a fountain-pen by rubbing i t on woolen cloth, and 
inserting i t i n the i n l e t o r i f i c e of the collector. The 
displacement current caused a j ^ i g deflection on the V,R,E., 
and the decay of t h i s deflection could also be used to 
check the time constant of the instrument. To check that 
the c o l l e c t o r was actually measuring space charge, a 
smoking cigarette was held i n front of the i n l e t , and the 
charged smoke caused a big negative deflection. 
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4.3 A i r flow-rate 
A reasonably fast a i r flow i s desirable for two 
reasons: because the s e n s i t i v i t y of the collector i s 
proportional to the flow-rate, and because, according 
to Bent, the.air-speed into the collector i n l e t must be 
^greater than the fastest wind-speed l i k e l y to be 
encounteredi Bent was able-to have a flow-rate of 3 1 s~^, 
but i n the present work shortage of power for the fans 
limited the flow to 2.25 1 s'''-. This was obtained by 
having two 12-volt, 20 watt b.C; fans i n s e r i e s . Both 
were, of the centrifugal type, driven by motor-car heater-
fan motors, which were powered by a ,12 volt storage battery. 
Fans are supposed to produce copious positive charge, but 
a t e s t i n the laboratory with the fan exhaust nozzle 
about 2^ cm from the front of the collector yielded a 
measurement of about r 10 pC m""^. As a precaution, 
however, i n measurement the fans were separated from the 
c o l l e c t o r by about 2.5 m of 1" diameter rubber tubing, 
and placed downwind from i t . 
The coll e c t o r wais generally mounted with i t s axis 
perpendicular to the wind direction^ to minimize any 
ef f e c t of the wind on the flow-rate. 
I t was not possible to moniter the flow-rate 
continuously with a gas meter, as Bent did, partly 
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because of the room t h i s would have taken up i n the 
Land-Rover, but mainly because a considerable pressure 
drop i s required to operate such a meter, and i t s 
inc l u s i o n would have very much reduced the flow. The 
flow-rate was therefore measured i n the laboratory i n the 
following my, and assumed constant. By measuring the 
pressure-drop across the collector with a water mancsaeter, 
and simultaneously measuring the flow-rate with a gas 
meter, a c a l i b r a t i o n curve was obtained.of flow-rate 
against pressure-drop. Because i t was possible to use 
powerful A.C. fans i n the laboratory, t h i s calibration 
could be extended as far as was desired, despite the 
large pressure-drop needed to drive the meter. The gas 
meter was then removed, and the pressure-drop measured 
across the co l l e c t o r with the two fans used i n the f i e l d 
supplying the power. Prom the cal i b r a t i o n , the flow-
rate could be determined. The calibration was found to 
be almost l i n e a r , and the pressure-drop produced by the 
fans was 6 cm of water, corresponding to a flow-rate of 
2.25 1 s*"^. Similar measurements showed that the two 
fans produced a much greater flow v*ien operated i n 
s e r i e s than i n p a r a l l e l , and that the performance of the 
fans did not change appreciably with the i r position, i . e . , 
they.could be operated v e r t i c a l l y or horizontally. The 
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length of rubber tubing used was also found to be 
unimportant. 
I t was thought that the gradual accumulation of 
dust i n the f i l t e r and p r e - f i l t e r might reduce the flow-
rate as time went by. For t h i s reason, the cali b r a t i o n 
was repeated after the readings of summer 1966 had been 
completed. I t was fotmd that i n the five months that 
had elapsed since the i n i t i a l calibration, the flow-rate/ 
pressure-drop curve had not moved s i g n i f i c a n t l y , 
indicating that the f i l t e r c h a r a c t e r i s t i c s had not 
changed, and the flow-rate was not altered by t h i s factor. 
A more serious f a u l t , T^lch only came home to the 
author towards the end of the experiment, was that the 
speed of a D.C. fan, when running near the rated voltage, 
i s approximately proportional to the voltage. This 
presumably meant that as the battery ran down, the flow-
r a t e decreased, and, for t h i s reason, the absolute values 
of space-charge density obtained during the experiment 
are not known more accurately than "t 5%. However, in 
practice, the absolute values obtained were not very 
important, and, since changes from t h i s cause would be 
slovT, the swift changes were being studied, the fault was 
not thought a very important one. 
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With a flow-rate of 2,25 1 s"^, a reading of 1 
mV on the V.R.E, corresponded to a space-charge density 
'-3 ' • -3• • of 0.44 pC m (2 ,8 e cm )', 
4.4 Test of Collector Efficiency 
This experiment, designed to t e s t the efficiency of 
the f i l t e r at catching small ions, was similar to that 
described by Bent (1964) . Ba s i c a l l y , i t consisted of 
measuring the small ion concentration i n a room with an 
Ebert ion counter (Chalmers 1967, section 2.54), and then 
repeating the measiirement with a i r sucked through the 
space-charge c o l l e c t o r . Measurements of the current flow 
from the f i l t e r were not made. 
The schematic layout of the apparatus i s shown i n 
f i g . .4.3. The ion generator and counter were those 
described biy Bent (1964). Cardboard tubes were attached 
to the fronts of the space-charge collector and the ion 
counter, so that each presented the same "catching area" 
to the ion generator, l-^en the collector was removed, 
the generator was moved to be the same distance (25 cm) 
from the front of the counter as i t was from the front 
of the c o l l e c t o r . The pen-recorder was used to measure 
the output from the counter \«^ en the collector was 
removed, and to detect the v a r i a b i l i t y of the output. 
I t was found, i n fac t , to be quite steady. With the a i r 
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passing through the c o l l e c t o r , the reading was taken 
fzcsa the panel meter on the V.R.E,, as t h i s was more 
sen s i t i v e than the recorder. 
With the c o l l e c t o r i n position, readings were taken 
for flov7-rates between 1.1 and 5.3 1 s""'", and, with the 
c o l l e c t o r removed, between 2.9 and 6.0 1 s"^. I t was 
found that with the c o l l e c t o r i n position no detectable 
output from the counter was obtained for any flow-rate, 
and so the minimum ef f i c i e n c y must be determined from 
the mihimxmi deflection that would be detected on the 
panel meter. This was taken ap 0.3 mV on the 30 mV 
range. The deflection without the collec t o r at 4 1 s"*^ 
was about 280 mV, and so the col l e c t i o n efficiency of L 
the f i l t e r for small ions i s greater than 99.9%. 
The e f f i c i e n c y of the e l e c t r o s t a t i c shielding was 
also tested by recording displacement currents measured 
by the probe described by Groom (1966), alongside the 
output of the c o l l e c t o r . There was no noticeable 
relationship, ^^en a charged fountain-pen was used to 
get a deflection on the V.R.E., as described i n the 
previous section, i t was found necessary to put the 
b a r r e l right insldie the i n l e t o r i f i c e of the collec t o r 
to cause a deflection, which confirms t h i s r e s u l t . 
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4^5 Attachmentis for the Collector 
Two devices were designed to improve the usefulness 
of the co l l e c t o r , one of v^ich v/as used, and the other 
rejected as impractical, 
4.5.1 The Small-Ion F i l t e r 
This was developed i n conjunction with K.N. Groom, 
to enable measurements to be made of how the proportions 
of small and large ions i n fog varied with distance 
downwind from power-line support towers. I t was, i n 
ef f e c t , a miniature Ebert ion counter put on the front 
of the c o l l e c t o r , and consisted of a piece of brass 
tubing about 15 cm long and 3 cm i n diameter ( f i g . 4.4), 
Down the centre of t h i s was a piece of brass studding, 
\ihLch acted as the centre electrode, and which was 
suspended from the outer tube by lacing-cord passing 
through holes i n the tube. Because of the big difference 
i n mobility between small and large ions, i t was 
possible to apply s u f f i c i e n t voltage difference between 
the tube and studding to remove a l l the anall ions 
e l e c t r o s t a t i c a l l y , without affecting the large ions 
s i g n i f i c a n t l y . Thus, measurements of the space-charge 
density with the voltage switched on gave the large-ion 
component separately. I t v;as unnecessary to take the 
precaution usual with an ion counter to ensure that the 
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entrance of the counter was at the potential of the 
surroundings, because i t was not intended to count the 
small ions - only remove or repel them. 
Mieri the f i l t e r was required, i t was attached to 
the colle c t o r with p l a s t i c i n e and s t i c k y tape, a 
s a t i s f a c t o r y but clumsy procedure that v d l l be further 
remarked on i n section 4*7.; 
To determine the voltage necessary to remove a l l 
the small ioi i s , the collectory with the small-ion 
f i l t e r attached, was shut i n a room with the polonium 
ion generator referred to i n section 4.4, u n t i l the 
space-^charge reading was steady. Various voltages were 
then applied to the central rod. As the bias voltage 
was increased, a greater proportion of the small ions 
was removed, but when a l l the small ions had been 
removed, an increase i n bias voltage had no further 
e f f e c t on the space-charge density measured. I t was 
found that the c r i t i c a l voltage was about 200V. A 
potentiai difference of 240 V was employed when the 
device was used. 
4.5.2 The Front Tube 
The investigation of the space charge produced by 
melting snow (chapter 7) required measurements to be 
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made of space-charge density at various heights. 
In t r ying to avoid moving the collector bodily up and 
doMi between measurements, a rubber tube was f i x ^ to the 
front of the c o l l e c t o r . I t was f e l t that the t e s t s 
conducted by Bent (1964) with his two collectors i n 
s e r i e s , using rubber tube to connect them (K.N. Grocsn, 
. personal communication), showed that the tube did not 
generate charge. However, i t soon became apparent that 
the space-charge density readings were not v^at would 
be expected, and d i r e c t comparison of measurements by 
the c o l l e c t o r and rubber tube with measurements by one 
of Bent's c o l l e c t o r s , when the two were side-by-side, 
sho^d that the rubber tube made the readings about 
50 pC m"""^  more positive than they should have been. This 
was provisionally attributed to charges resident i n the 
rtibber. Later, the author noticed the report by Nolan 
and Kenny (1953) of a similar observation, ^ diich they 
explained i n terms of charges produced i n the rubber by 
bending, which removed many of the ions. 
Later, the p o s s i b i l i t y of using a brass tube 
attached to the front of the collector by a short length 
of f l e x i b l e t\3bing was investigated. This time, due 
attention was given to the danger of ion loss to the 
walls of the tiibe, which i n t h i s case would be by simple 
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mechanical and perhaps e l e c t r i c a l diffusion. As far 
as mechanical diffusion i s concerned, Nolan and Kenny 
(1953) give values for the proportion of ions surviving 
a journey along a t\ibe i n terms of h, v^.ere , 
(1 . i s the length of tube, Q the volume flow-rate of the 
gas down the tube, and D the diffusion coefficient of 
the ions.) .. 
Ei n s t e i n (1905) gives 
(k i s Boltzmzmn's constant, T the absolute temperature, 
w the mobility of the ionis, and e the electronic charge.) 
Taking k = 1.38 x l o " ^ ^ J degc"^, T « 273*^ A, e « 1.6 x lo"^^C, 
- 4 - 1 -1 for small ions of mobility 2 x 10 m s per V m . 
p = 4.7 X 10"^ m^  s"^ 
and for large ions of mobility 5 x l o " ^ m s""^ per V m"^ , 
* D « 1.75 X l o " ^ m^  s"^ 
Hence, for a 2 m tube with a flow-rate of 2 x lo"*^ 
m^  s"''", h = 7.4 X l o " ^ s~^ for small ions, and 2.7 x l o " ^ 
s^ for large ions. Nolan and Kenny's table shows that 
small ions should therefore suffer a loss of about 13%, 
and large ions a loss very much l e s s than 1%. I t i s 
interesting to note that these losses are independent of 
the diameter of the tube, because although an ion does 
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not have as far to t r a v e l to the walls of a narrower 
tube, i t spends l e s s time.in the tube for the same 
flow-rate. The diffusion loss i s related to 1 i n a 
complicated way. 
These calculations neglect the el e c t r o s t a t i c 
attraction of the tube walls for the ion due to the 
image e f f e c t , which may increase the diffusion rate, but 
i s probably negligible. 
Assuming positive and negative ions to have the 
same mobilities, the space-charge density values w i l l be 
affected by the same percentages as the t o t a l ionic 
concentrations. We can therefore conclude that the 
sinall-ion space-charge density would be reduced by 
ruore than 13%, and the large-ion density would not be 
appreciably affected. The small-ion f i l t e r could have 
been used to determine the two space-charge densities 
separately, and the above calculation, and another for 
the e l e c t r o s t a t i c e f f e c t , used to make allowance for the 
loss of small ions; but i n view of the uncertainties 
involved, and the extra time the procedure would take 
during measurements i n the f i e l d , i t was not f e l t worth-
while to use the tube. The idea was therefore 
abandoned, and gradients were measured by moving the 
co l l e c t o r bodily up and down. 
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4.6 Fault-Finding on the Collector 
Although the space-charge collector i s funda-
mentally a very simple device, the very small currents 
that must be measured mean that noise i s very hard to 
eliminate. Indeed, much of the time that might have 
been used to take measurements i n the early months of 
the experiment seemed to be spent i n tracing spurious 
signials or f a u l t s oh the collector or V.R.E. This 
section i s included to help future workers to identify 
and correct f a u l t s more quickly, although, i f the 
recommendations for i!i5>rovements i n the design made i n 
section 4,7 are adopted, many of the spurious signals 
should be eliminated. 
4.6.1 Effect of Wind 
Bent (1965, chapter 3) reported that wind Interfered 
with the col l e c t o r by causing vibration i n the cable 
connecting the collect o r to the V.R.E. head unit, 
producing pie z o e l e c t r i c effect i n the insulator between 
the outer conductor and the core. This was found to be 
an important source of noise i n the present case also. 
Co-axial cable with a r i g i d outer conductor was t r i e d , 
but was found not to be very satisfactory, presumably 
because the r i g i d connection between the outer conductor 
and the insulator meant that every vibration was 
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transmitted to the insulation. Another method t r i e d 
and rejected was anti-microphonic cable stapled to the 
wooden base of the c o l l e c t o r . The bast solution was 
found to be that of Bent: antimicrophonic cable inside 
a copper tube soldered a t both ends to plugs connecting 
r i g i d l y with the sockets on the collector and head unit. 
Soldering the tube to the plug was found to be a 
problem, because an iron hot enough to melt solder on 
the copper tube melted the insulation on the cable 
in s i d e . Hov/ever, since an e l e c t r i c a l connection between 
the tube and plug was not important, i t was found 
sa t i s f a c t o r y to use a commercial "cold solder", vAich 
appeared to be some sort of metallic suspension i n an 
organic solvent which evaporated when the solder had been 
applied. 
Even with t h i s arrangement, i t was found that the 
cable was s t i l l disturbed, presumably by minute vfivd-
induced vibrations. Bent was apparently able to overcome 
t h i s f a u l t , but he had the advantage of being able to 
mount h i s c o l l e c t o r on a mast considerably more r i g i d 
than the portable support used here. The signal from t h i s 
source varied with mean wind-speed, of course, but was 
soraetdLmes more than 2 0 roV, varying with a time constant 
of the order of half a minute. The time constant was 
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presumably a function of the time taJcen for the. charge 
produced i n the insulator to leak to the conductor. 
I f flexing the cable one way produced a positive signal, 
flexing i t the other way produced a negative one, but i n 
the f i e l d the noise signal might stay of one sign for 
minutes.at a time, 
. Fortunately, the effect of t h i s noise on the 
convection measurements was not as serious as might be 
expected, because, although i t made accurate measurements 
of space-charge density impossible i n high winds, the 
space-charge pulses measured i n convective weather had 
very sharp leading edges, and could e a s i l y and 
unmistakably be picked out from a wind-noise background. 
4.6.2 Ef f e c t of Sunshine 
Bent (1965) found that signals from h i s collector 
as clouds passed i n front of the sun could be attributed 
to the expansion and contraction of the copper tube 
holding the cable from the collector to the head unit, 
causing flexing, and therefore piezoelectric effect, i n 
the cable insulator. He succeeded i n preventing t h i s 
by shading the cable, but i n the present work i t was 
found that, although t h i s improved the situation, i t was 
by no means a complete solution. I t was found that the 
sun shining on the collector i t s e l f gave a large s i g n a l . 
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By.shading different parts of the c o l l e c t o r , the sun 
was found to have most affect on the front cone, although 
the disturbance was by no means confined to t h i s region. 
On some days, the apparatus could be set up so that the 
front cone was :shaded by the re s t of the c o l l e c t o r , and 
as the sun moved round i n the sky and began to shine on 
the front cone, the noise increased considerably. 
I t was only changes of light intensity that 
.gave the sig n a l : steady, unclouded sunlight gave none. 
F i g . 4.6 i l l u s t r a t e s the e f f e c t . Channel 1 i s the 
record of the ambience photOTieter, designed to detect 
sunlight shining on the s i t e , and described i n chapter 
5. Channel 2 i s the space-charge collector noise 
record. From t h i s and other records i t can be seen 
that v^en a cloud passed i n front of the sun, the 
c o l l e c t o r signal showed a positive kick of about 100 mV, 
v^ich then decayed towards zero vdth a time constant of 
a minute or two. Vtien the cloud moved away, the effect 
was exactly s i m i l a r , but of opposite sign. The effect 
was quite s e n s i t i v e to changes of l i g h t intensity, and, 
although continuous sunlight gave no effect, i t was 
noticeable on a reduced scale i n "cloudy-bright" conditions, 
The effect would seem to be best explained as 
expansion and contraction of the copper case of the 
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c o l l e c t o r causing flexing of the connecting cable. 
The s e n s i t i v i t y of the nose i s hard to explain on t h i s 
b a s i s : there may be some affect on the Insulator i n 
the nose, although the form of P.T.F.E. used i s said 
not to show piezo e l e c t r i c effects; i t i s more l i k e l y that, 
for some reason connected with the way the collector 
v/as attached to i t s blockbpard base, expansion of the 
nose was p a r t i c u l a r l y e a s i l y transmitted to the cable. 
Photo-eiectric or thermo-electric eff e c t s , the other 
possible explanations, give even l e s s satisfactory 
accounts. They areixunlikely to occur because a l l the 
surface exposed to the l i g h t i s earthed copper or brass, 
and, i n any case, do not explain, as the expansion and 
pie z o e l e c t r i c effect theory does, why going into 
shadow produces a mirror image of the signal obtained 
vdien the sun f i r s t shines, and why, i n constant 
conditions, the noise decays slowly to zero. 
The c o l l e c t o r was painted white as a simple, but 
rather optimistic atten^t at a cure. This had l i t t l e 
a f f e c t , but i t was l a t e r found that an even simpler 
expedient v;as much more ef f e c t i v e . Aluminium f o i l was 
loosely taped a l l over the outside of the co l l e c t o r , 
leaving an air-gap between the two, and t h i s very much 
reduced the noise. 
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: Although the noise signals caused by sunlight 
were f a i r l y sudden, they were.not nearly as sharp-
edged as the space-charge pulses attributed to convection, 
and these could e a s i l y be distinguished. I n any case, 
once the cause of the noise had been identified, i t was 
easy to monitor sunlight changes by taking notes, or 
by running the ambience photometer on a spare channel, 
and the sunlight effect was more a nuisance than anything 
e l s e . 
4.6.3 Insects i n the Collector 
This e f f e c t was also obtained by Bent (1964), but 
was only observed once during the present experiment. 
According to Bent, small f l i e s are sucked straight onto 
the p r e f i l t e r and cause no interference beyond a small 
contribution to the space charge registered. Large f l i e s , 
however, have s u f f i c i e n t strength to f l y against the a i r 
flow, and may f l y many times between the p r e f i l t e r and 
the outer earthed s h i e l d . 
Only one record was obtained which showed t h i s . The 
e f f e c t lasted for about f i f t e e n minutes, and showed as 
rapid fluctuations, of amplitude about 10 mV, consisting 
of a sudden f a l l i n signal towards zero, followed by a 
return with the time constant of the V.R.E. Towards the 
end of the period, the frequency of the o s c i l l a t i o n s 
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decreased, perhaps as the f l y weakened. 
4.6.4 Insulation Breakdown 
1 Because of negative feedback i n the amplifier, 
the ef f e c t i v e input impedance of the V*R.E. i s about 
10'''95l, and insulation resistance i n the collector must 
therefore exceed 10 JCL , I n dry weather, t h i s presented 
l i t t l e problem. P.T.F.E. is.water-repellent, and the 
insulators were well protected from the outside a i r , and 
only got d i r t y very slowly. They were jperiodically 
cleaned with trichloroethylene followed by absolute 
alcohol. In high humidity, however, ai«3 especially, i n 
the present study, i n fog, a film of water formed over 
the surface of the nose insulator, and shorted the inner 
cone, holding the f i l t e r , to earth. This process 
generally took about half-an-hour's running. I t showed 
i t s e l f not, as might be though*, i n zero deflection on 
the V,R,E., but, because of the feedback ch a r a c t e r i s t i c s 
of the amplifier, as a f a i r l y sudden r i s e to a high 
steady deflection, usually of several hundred m i l l i v o l t s . 
I t could e a s i l y be i d e n t i f i e d because stopping the 
c o l l e c t o r fans would not affect the deflection. 
A heating tape, sold to protect domestic water-
pipes from f r o s t , was kept wrapped round the collector, 
and used to v®rro i t . This was switched on v*ien the 
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c o l l e c t o r was housed i n the Land-Rover to dry i t out 
af t e r insulation break-dovm, and during the winter was 
kept switched on a l l the time. 
4.6.5 Broken F i l t e r Connection 
I t s i n a c c e s s i b i l i t y made the connection between the 
f i l t e r and the plug on the collector outer shield rather 
d i f f i c u l t to solder, and, under the st r a i n s experienced 
by the instrument i n being moved sibout, from time to time 
the connection broke* This f a u l t , although usually 
e a s i l y recognized, i s mentioned here because i t did not 
necessarily mean no response to signal at a l l on the 
V*R*E. I f the two broken pieces of wire were s t i l l close 
together, a large charge on the f i l t e r would register by 
e l e c t r o s t a t i c induction between thectwo pieces. For t h i s 
reason, the "pen t e s t " (section 4,2) would give a 
positive response, although reduced i n magnitude, but 
the "cigarette t e s t " generally would not. 
4.6.6 Faults on the Vibrating Reed Electrometer (V. 
R.E.) 
The V.R.E. indicator unit was fixed to the rack i n 
the land-rover by anti-vibration mounts, but, even so, 
did not react very well to the continual vibration i t 
sustained, and fa u l t s on i t were f a i r l y frequent. The 
head unit also reacted badly to being continuously moved 
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about. Another source of trouisle was the 48 soldered 
connections a t the ends of the two 12-way cables, which 
wete also subjected to frequent s t r a i n . However, the 
main source of trouble v?ith the V.R.E, was the power 
i t consumed from the inadequate supplies. The voltage 
from the transverter (described i n the next chapter) 
f e l l gradually as the batteries ran down, giving 
symptcans of "power f a i l u r e ' on the V.R.E. This showed 
I t s e l f f i r s t as a f a s t f l i c k e r on the meter needle, 
followed, within a few minutes, by violent irregular 
fluctuations, or'sometimes a high f a i r l y steady reading, 
and t o t a l lack of response to input. A temporary cure 
could be effected by switching off &hd reducing the mains 
voltage tapping on the instrximent. 
4.7 Recommendations for Future Designs 
The greatest sources of spurious signals were the 
wind and sun e f f e c t s , both of which are thought to have 
acted through piezoelectric effect i n the Insulator i n 
the cable connecting the collector to the V.R.E. head 
u n i t . V^en measxirements were made at night i n low winds, 
as during the fog measurements, the noise l e v e l was 
often only two or three m i l l i v o l t s . C learly, i t would 
be a great advantage i f t h i s insulator could be removed, 
and t h i s could quite e a s i l y be done by connecting the 
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f i l t e r to the head unit by a single uninsulated wire. 
I t would be necessary to enclose the wire i n an earthed 
s h i e l d to protect i t from displacement currents, but 
t h i s could be done by extending the outer cone - the 
e l e c t r o s t a t i c shield - of the collector to enclose the 
wire and at l e a s t part of the head unit, or whatever 
replaced i t . This would make the collector more 
d i f f i c u l t and expensive to construct, but the saving i n 
time i n the f i e l d and the great increase i n s e n s i t i v i t y 
would well j u s t i f y i t . 
I f space-charge measurements with mobile apparatus 
are intended, the V.R.E. of the type used, although very 
s e n s i t i v e , i s c l e a r l y not very suitable, because of i t s 
r e l a t i v e l y high power requirements, and i t s bad response 
to movement. A sol i d - s t a t e c i r c u i t r y electrometer would 
probably not be quite as sens i t i v e , but would be adequate, 
l i g h t e r to move, would t r a v e l much better, and would 
probably be cheaper. 
A small but useful improvement would be a short 
threaded length on the inside of the i n l e t o r i f i c e of the 
c o l l e c t o r . This would f a c i l i t a t e the attachment of such 
devices as the small-ion f i l t e r . 
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CHAPTER 5 
^ OTHER APPARATUS 
5.1 The Land-Rover I n s t a l l a t i o n 
5.1.1 Power Supplies 
The Land-Rover power-supplies were o r i g i n a l l y 
i n s t a l l e d by the previous user of the vehicle (Groom 1966), 
and were modified for the present use by the author. The 
soxirce of power i n the f i e l d was four 12V lead-acid 
storage b a t t e r i e s , of 60 AH capacity each. These supplied 
a ^Valradio" transverter, type 24/120T, v^ich converted a 
24V input to 230 V, 50 c/s, to drive the V.R.E. and pen-
recorder motor. When the Land-Rover was not being used, 
the apparatus was connected to the mains supply, which 
then ran the V.R.E., and charged the batteries by means of 
a battery charger i n the vehicle. By use of switches, the 
batte r i e s were a l l connected i n p a r a l l e l for re-cheurging, 
and i n two p a r a l l e l sets of two i n s e r i e s , giving 24V, for 
supplying the transverter, and also the elec t r o n i c s ^ via 
a 12V s t a b i l i s e r described i n section 5.1.2. The 
transverter i t s e l f required about 55 W to drive i t , and 
the V.R.E. about 65 W, giving a t o t a l current drain of 
about 2 i A frcan each battery. The recorder took negligible 
current. 
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The readings at the Observatory were made within 
reach of a mains supply, and,so the transverter was needed 
only for the Mordon; readings, and for the minor measurements, 
such as the fog experiment. I^hen the Land-Rover jsupply 
was used, i t was found to be much le s s satisfactory and 
have a much shorter l i f e t i m e (about four hours) than might 
have been expebted. This may have been due to the age of 
the batteries rather than to an inherent shortcoming of 
the transverter. 
5.1.2 I n s t a l l a t i o n of C i r c u i t r y and i t s Power Supply 
pig. 5.2 shows the layout of the rack i n the Land-
Roverw The panel at the top carried the controls, the 
ananometer counters, and the meter for the thermistors, 
and, below these, the~electronic c i r c u i t r y , b u i l t on 
"Veroboard" panels and readily accessible from the front. 
Most of the electronics used a -12V, zener-diode 
s t a b i l i z e d power supply, vdiich was also Installed i n the 
"Veroboard" rack. 
The input to a l l the recorder channels was through 
single sockets on the panel, and the O - 1 mA outputs from 
the c i r c u i t s i n the rack were also carried to sockets on 
the panel. This meant that, by means of connecting plugs 
and wire, any of the outputs could be displayed on any of 
the recorder channels, giving the system maximum f l e x i b i l i t y . 
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5.2 The F i e l d M i l l s 
Three m i l l s were b u i l t , i n case potential gradient 
changes proved d i s t i n c t enough to enable tracking of the 
convective plumes by t h i s measurement. 
5.2.1 Frequency Independence 
The theory of the f i e l d m i l l has been studied by 
several workers, most recently by Groan (1966), who 
concluded that i f R and C are the resistance and capacitance 
respectively of the rotor-stator assembly (including the 
input to the a m p l i f i e r ) , for p r a c t i c a l purposes the i r 
values must be xo 
One interesting aspect i s the condition vAich makes 
the m i l l output independent of the frequency f of the 
s i g n a l . The condition i s usually stated to be 
-i - <.'^ -LAC 
- •• • - • • • 
Groom showed that t h i s corresponds mathematically i n the 
theory to the approximation, 
-X 
and that t h i s condition i s f u l f i l l e d even i f ^  » RC, Mr. 
D.R. Lane-Smith, of Fourah Bay College, University of 
S i e r r a Leone (Personal communication, 1966), questioned 
the v a l i d i t y of t h i s conclusion, and suggested the following 
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approach. I f V i s the measured voltage from the stator 
(the detecting p l a t e ) , I the current to earth, and S the 
angular frequency of the s i g n a l , then 
Hence, the modulus of V 
I f Veo i s the voltage output for d*-= », 
M ^ (Ode 
As w >3>()6, V Veo, and c l e a r l y becomes le s s and l e s s 
frequency dependent. This i s shown by the plot of t h i s 
function ( f i g , 5,3), 
A rough experimental check of the v a l i d i t y of t h i s 
treatment was made, using a f i e l d m i l l and simple cathode-
follower c i r c u i t , putting the output from the follower 
onto an oscilloscope, which was used to measure the voltage 
and frequency. The resistance and capacitance i n the input 
of the cathode follower were 100 M SL and 100 pP 
respectively, and so, allowing 35 pF for the capacitance 
of.the rotor-stator assembly and cable, we have 
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The frequency was varied by changing the voltage to the 
A.C, motor of the m i l l , and the resultant outputs plotted 
on f i g . 5.3, I t was necessary to assume a value for Voo , 
arid t h i s was ddne to give the best f i t to the curve. 
Taking into account the uncertainty i n C, and the crude 
method used to measure w and ^ v | , the way i n which the 
output declined with f a l l i n g frequency agreed well with 
the t h e o r e t i c a l curve. 
FrcMn the curve, we can obtain reasonable working 
l i m i t s for frequency Independence. Assiming a change i n 
output of 1% for a change i n frequency of 10% can be 
tolerated, i t can be seen from the curve that t h i s i s 
equivalent to the condition 
For R «= 1 0 0 MA, and C « 1 3 5 pP, t h i s corresponds to a 
signal frequency of 28 c/s. For a four-vaned m i l l , the 
signal frequency i s four times the m i l l frequency, and 
so t h i s means the m i l l motor must have a speed greater 
than 4 2 0 r.p.m. This agrees quite well with Grocmi's more 
stringent condition, ^ i c h gave f > 4 0 c p . s . 
I t w i l l be noticed that at WCR « 3, l v | i s only 95% 
of ||Vto| . Provided the m i l l i s calibrated at i t s working 
frequency, however, t h i s does not matter. 
r 
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For p r a c t i c a l c a l c u l a t i o n of the necessary input 
resistance of the amplifier, the condition WCR>3 can be 
written, for a four-vane m i l l , as 
ft » T.«/„C 
\itiere n i s the speed of the motor i n r.p.m., and C the 
capacitance between the stator and earth, usually taken 
as the input capacitance of the amplifier plus 35 pF* In 
t h i s formula, R i s i n ohms and C i n farads. I t w i l l be 
seen that i n most cases a very high input impedance i s 
unnecessary for frequency independence: for a 3000 r.p.m, 
-motor and an amplifier input capacitance of 2 0 0 pF, R 
needs only to be about 12 MJCC. 
5.2.2 The F i e l d M i l l Design 
For t h i s experiment i t was c l e a r l y necessary to have 
a pbrtable, self-contained m i l l , and i t was decided to 
use a D.C. motor driven by a storage battery, a l l enclosed 
with the amplifier i n one. case, D.C, motors are l i a b l e 
to sparking at the brushes, and the high input impedance 
amplifier makes i t important to avoid any pickup on the 
stator, or the wires from there to the a n ^ l i f i e r . For 
t h i s reason, the m i l l was designed to get the maximum 
separation between the motor and the stator and amplifier, 
and had permalloy C sheets as shielding \^ere necessary. 
The m i l l ( f i g . 5.4) was b u i l t on a frame % i n . by % i n . 
.A 
•1 
f 
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by % i n . brass angle, clad i n % i n . duralumin sheets on 
the outside, with r ~ i n . duralimiin forming the internal 
16 
d i v i s i o n s , with permalloy sheets attached where 
appropriate. One large side was hinged, at the bottom, 
and so was the roof of the amplifier section, so that 
removal of four screws gave complete access. The f l e x i b l e 
coupling on the m i l l shaft allowed for any asyimaetry of 
mounting of the motor, and e l e c t r i c a l l y insulated the 
'shaft from i t , preventing any sparking pickup reaching 
the vanes that way. The leads from the battery were 
shielded, again to reduce r i s k of pickup. 
Pig. 5.5 i s a photograph, from the side without 
hinges, showing the controls. The switch i n the bottom 
left-hand corner controlled the motor, and the two single 
sockets immediately beneath i t were connected direc t to 
the battery, so that t h i s could be used as a power source, 
or recharged, without opening the m i l l . Prom l e f t to 
right along the top are the bias and s e n s i t i v i t y controls 
(pre-set potentiometers reached from the outside by 
screwdriver), and the two sockets for the amplifier output. 
The other socket and plug acted as a switch for the 
amplifier power supply, and enabloi t h i s to be checked 
with a n^ter. Single sockets were used to carry the outputs 
from a l l the apparatus, except the anemometers, and t h i s 
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allowed the use of similar drums of twin f l e x , with 
wander plugs on each end, to connect the apparatus to 
the recorder, or rack el e c t r o n i c s . The holes i n the 
sides of the case of the m i l l were for ventilating the 
motor and battery. 
Sign discrimination was made by having an offset 
zero, produced by a potential applied to the ring round 
the rotor and stator. This and the amplifier were 
supplied by three Ever-Ready PP9 batteries i n s e r i e s , 
making a nominal 27V, stored i n the battery canpartment. 
The amplifier ( f i g . 5.6) was a very slight modifica-
t i o n of a design by Mr. I.M. Strcanberg, using four s i l i c o n 
planar-epitaxial t r a n s i s t o r s . As already mentioned, the 
very high input impedance requiring the use of an 
electrometer valve i s unnecessary, and the use of a 
bootstrap input c i r c u i t gave the f i r s t stage here an 
input Impedance of 32 MA, T^ich, i n p a r a l l e l with the 100 
M-S*.resistor, gave a net input impedance R of 25 MA.. For 
a stator-earth capacitance 0=235 pP, and a 3000 r.p.m. 
motor, VCR « 7.4. Two 5.6 V zener diodes i n series 
s t a b i l i z e d the amplifier supply, these being chosen i n 
preference to one 12 V diode, because of the much better 
temperature s t a b i l i t y of the 5.6 V. I t was found that 
about 20 mA was drawn from the 27 V supply. According to 
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Mr. Stromberg, a change of 1% i n output was brought 
about by a 10% change i n the unstabilized supply voltage, 
or a 50% change i n the signal frequency, and a tenqperature 
r i s e of 20°C changed the output by 2%, 
5,2,3 Calibration and Use 
The method of c a l i b r a t i o n used was to stand the m i l l 
on a large horizontal metal plate on the ground, to 
suspend another horizontally above i t , and apply voltages 
to the upper plate. The calculation of the potential 
gradient simply as the voltage difference between the 
upper plate and the lower divided by t h e i r separation h 
assumed that the plates were very wide compaired with the 
distance between them, and that the separation was very 
much greater than the height of the m i l l . This second 
condition a r i s e s because, i n the atmospheric f i e l d , the 
presence of the m i l l d i s t o r t s the f i e l d , so that the 
equipotentials above i t are not horizontal. In the 
c a l i b r a t i o n , however, we impose a horizontal equipotential 
i n the form of the upper plate, with the r e s u l t that the 
shape of the f i e l d between the plates i s s l i g h t l y 
d i f f e r e n t from the f i e l d surrounding the m i l l i n the open, 
unless the upper plate i s e f f e c t i v e l y at i n f i n i t y . I t 
was decided that a reasonable way of assessing the error 
involved from t h i s cause was to calculate the difference 
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at the height h i n the Earth's f i e l d between the 
potential d i r e c t l y above the m i l l , and the potential i n 
i t s absence. The separation required was the value of h 
for which the difference became negligible. To simplify 
matters, the m i l l was assumed equivalent to a hemispherical 
boss of the same height on an i n f i n i t e plane, to which a 
stai«3ard r e s u l t could be applied. In t h i s case, at a 
distance r from the centre of the boss radius a, and at 
an angle 9 to the perpendicular to the plane through the 
boss centre, the potential V i n a potential gradient whose 
magnitude at i n f i n i t y i s Eo, i s given by 
A/, / I ^ \ P rcj^Q (Page and Adams, 1958, 
I r>/ p.78) 
For r. * 3.5a, the potential immediately above the boss i s 
numerically 3 4 3 Eo^ the error then being 2%, I t was 
f e l t that t h i s was s a t i s f a c t o r y , . 
Another possible source of error was the f i e l d due 
to the e l e c t r i c a l image of the bias ring i n the upper 
plate. This, however, would probably be very small. 
This method of c a l i b r a t i o n involved a number of 
assumptions, of course, but the important thing was that 
the m i l l s should be able to measure f a i r l y short-period 
changes of about 100 V m*"^, arid that they should a l l read 
the same. I t was r e l a t i v e l y unin5>ortant i f the measurement 
they gave was absolutely i n error by 5% or so, as long as 
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they a l l gave the same reading. For t h i s reason, the 
procedure outlined was regarded as satisfactory, and an 
absolute accuracy of 5% was aimed for o v e r a l l . 
The plates used were about 2.3.m by 2.8 m. Since 
the t o t a l height of the m i l l was about 33 cm, the plate 
separation was made 120 cm, with a maximum variation from 
place to place of 3 cm. The m i l l was placed i n the centre 
of the bottom plate, and i t was found that moving i t 20 cm 
i n any direction changed the output by l e s s than 1%, 
indicating that the plates were s u f f i c i e n t l y large i n 
coinparison with the i r separation. 
Various voltages were applied to the top plate, and 
the m i l l s calibrated one at a time. The current output 
was measured v/ith an Avoneter, with, a se r i e s r e s i s t o r to 
make i t s resistance equal to that of the recorder 
galvanometer c o i l (1.3 Ka.) . By adjustment of the bias 
and s e n s i t i v i t y controls, i t was possible to give the 
three m i l l s v i r t u a l l y i d e n t i c a l and lin e a r calibrations 
within the range r ^ u i r e d , v i z , - 175 to + 350 V ra"^, 
giving a O - 1 mA output. For convenience, t h i s l i n e a r 
c a l i b r a t i o n iwas assumed for a l l the m i l l s during the 
experiment, the maximxim divergence of any of the m i l l s from 
i t being about 5 V ra"^. 
From the decay of the output v;hen the upper plate was 
earthed, the time constant of each m i l l was estimated as 
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f i v e seconds. 
The r e l a t i v e l y small range and off set-zero sign 
discriination were sat i s f a c t o r y for the fair-weather 
use that was envisaged. However, i n May 1967 an 
unusually long s p e l l of thundery weather occurred, during 
y i i c h the point-discharge experiment described i n chapter 
8 was carried out. This made i t desirable to extend the 
range of the m i l l . The usual way of doing t h i s would 
have been to reduce the gain of the amplifier, but t h i s 
would have meant recal i b r a t i o n of the m i l l s , and, for 
the limited use thought probable, i t was f e l t i t v;as 
better not to change the amplifier proper, but merely to 
put a r e s i s t o r i n ser i e s with the output so that the 
f u l l - s c a l e deflection of 1 mA would be achieved for the 
maximum signal the amplifier was capable of handling as 
i t stood. This l i m i t was s e t by the input for which the 
amplifier "bottomed", beyond which an increased input 
produced no increase i n output. 
A f u l l r e - c a l i b r a t i o n was not neciassary; the 
following procedure was adopted. A sine-wave signal was • 
applied to the stator end of the stator-amplifier lead, 
using a signal generator v;lth a meter reading i n mV peak-
to-peak. F i r s t , t h i s was done using the. m i l l without any 
extra r e s i s t o r i n the output, i . e . i n the state i n which 
i t was calibrated i n the f i e l d , and, by comparing the out-
tit] 
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puts i n the two cases, the mV input which corresponded 
to 1 V m~^  was determined. This depended on the 
geometry of the m i l l s , and was t y p i c a l l y about 0.2 mV. 
I t was.then possible to put a suitable r e s i s t o r i n the 
output, icalibrate the m i l l i n terms of mV from the 
signal generator, iand convert t h i s to a V m'^  c alibration, 
A t y p i c a l r e s u l t is, shown i n f i g . 5^7, The offset-zero 
sigh^ discrimation gave an ambiguity i n sign for f i e l d s 
greater than about 200 y]m'*^, but i n the only record put 
to any p r a c t i c a l use, i t ; was possible to follow through 
t^e record j&rom the fair-weather potential gradient, 
taken as positive, aiid the places where a change of sign 
.occurred were obvious enough from the trend of the.record 
to overcome t h i s d i f f i c u l t y . A small region occurred 
about zero input, i n which there was no output. This 
was because a small signal was necessary to switch on the 
r e c t i f y i n g diodes i n the amplifier. I t can be seen that 
the output i s useful for potential gradients between plus 
and minus 3000 V m"^ . 
This high-range cali b r a t i o n was not, i n fa c t , carried 
out u n t i l after the useful series of measurements 
described i n chapter 8. The rapidly-changing weather 
made i t necessary to guess the values of the r e s i s t o r s to 
put i n the outputs of the m i l l s , carry out the experiment. 
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and c a l i b r a t e , i n the way described above, afterwards. 
The resistance values selected were too high, and the 
amplifiers bottomed for outputs of 0.7 mA. More 
"carefully calculated resistances were then selected, and 
the above calibrations carried out to be ready for 
subsequent use. The resistance values then averaged about 
• 4 KJi . 
The mills.worked w e l l , although the storage batteries 
made them rather heavy. Originally, i t had been intended 
to take the bias potential from the s t a b i l i s e d supply, 
using a potential divider. Unfortunately, i t turned out 
that the potential required was about 15 V, and so had 
to be obtained by dropping from the unstabilised battery 
supply. This voltage dropped slowly-during operation 
(about 1 V for s i x hours recording), and the bias voltage, 
measured by connecting a voltmeter between the ring and 
the m i l l case, had therefore to be adjusted from time to 
time, although the effect of such changes on the output 
was barely detecteible. This fa u l t could have been 
overcome by using a separate zener-jstabilized voltage (say 
20 V), and taking the bias voltage from t h i s through a 
potential divider. 
5.3 The Aspirated Thermistors 
Mm 
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5.3,1 Basic Design 
The thermistors for measuring temperature gradients 
and small short-period changes of temperature were 
mounted i n cases i d e n t i c a l to those of the psychrometers 
of Bent (1965) ( f i g . 5.8) * Each of these was a double-
walled p l a s t i c case, 5 i n . by 3 i n . by l i i n , , open at 
one end, and with a tube at the other to connect to a 
fan, for aspiration. The double-walled structure meant 
that the thermistors were protected from the effects of 
d i r e c t sunlight. Each psychrometer was designed to hold 
two thermistors, one "dry-bulbP and the other "wet-bulb", 
although they v;ere never used to measure humidity i n t h i s 
experiment. Sufficient psychrometers were constructed to 
enable temperature measurements to be made at 1, 2, 
and 10 m at one place, and at 1 m at two other places, i n 
case the small changes were s u f f i c i e n t l y d i s t i n c t i v e to 
enable the saune plume to be picked out at different places 
i n t h i s way. 12 V car heater fan units were used for 
aspiration. 
Y 
The thermistors used were manufactured by "VSl -
Components", and were supplied with a resistance-temperature 
c a l i b r a t i o n curve to vdiich a l l thermistors of the same 
type complied within 0.2°C. The type selected had a 
resistance of 3 KJ\.at 25°C, increasing to about 10 K a at 
I 
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0°C, and decreasing to about 2 Kjuat 35°C, 
5,3.2 Measurement of Small-Scale Changes of 
Temperature 
The measurement of temperature gradients, and of 
small-scale variations at one height due to passing plumes, 
presented two di f f e r e n t problems. The f i r s t involved 
accurate temperature measurement over a range of 30 degC, 
but.the second required measurement of small changes, 
without knowledge of the actual temperature being 
necessary. For the second task, a detection c i r c u i t was 
required which would give a 0 - 1 mA current output for 
a range of temperature of 10 degC anywhere between, say, 
5°C and 25°C, In both cases, i t was important to keep the 
current through the thermistor as low as possible to avoid 
wanning i t . The manufacturer's specification stated that 
a d i s s i p a t i o n of 1 mW i n s t i l l a i r would cause a 
temperature r i s e of 0.1 degC, t h i s dissipation 
corresponding at 25°C to a current of 170 ;liA. 
The c i r c u i t used was designed by Mr. I.M. Stroraberg, 
and i s shown i n f i g . 5.9. By connecting the thermistor 
i n the base of a t r a n s i s t o r , the current through i t was 
kept below 200 >iA. A variable r e s i s t o r i n s e r i e s with 
the thermistor allowed the value of the base current to 
be adjusted to a fixed value, giving a fixed output. 
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v*iatever the temperature. Variations i n thermistor 
resistance then caused variations i n base current which 
underwent amplification. In practice, SI was put i n 
position. B and VRl adjusted to give an output at the 
centre of the meter scale, i . e . at 0.5 mA. The setting 
position of VRl changed from day to day because of the 
influence of teinperature on the trans i s t o r c h a r a c t e r i s t i c s . 
With the switch at A, VR2 Was. then adjusted to make the ' 
output 0.5 mA, making the t o t a l resistance of VR2 and 
the thermistor lOK^. VR3 controlled the s e n s i t i v i t y , and 
i t s " optimum position did not i n practice vary. The 
s e n s i t i v i t y of the equijanent near the centre of the scale 
was about 0.1 mA per degree centigrade, and i t s time 
constant was a few seconds. 
This arrangement worked well. Examples of i t s 
records accompany the next chapter. Three such c i r c u i t s 
were b u i l t , to be ready to correlate temperature variations 
at different places. 
5.3.3 Measurement of Temperature Gradients 
Once again, the author i s indebted to Mr. I.M. 
Stromberg for a c i r c u i t design ( f i g , 5.10). Like the 
l a s t , t h i s limited the current i n the thermistor by 
connecting i t i n the base of the t r a n s i s t o r . The output 
was taken between co l l e c t o r and emitter. The c i r c u i t had 
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the fortunate property of turning the non-linear 
teanperature/resistance c a l i b r a t i o n into an almost linear 
temperatxire/voltage output. A large capacitor was 
necessary to lengthen the time constant, to about nine 
seconds (with some s l i g h t tonperature v a r i a t i o n ) . This 
c i r c u i t was designed when i t was s t i l l hoped to use 
automatic recording, and so gave a 1-lOV output ( f i g . 
5.11), but when t h i s scheme was abandoned, the output 
was put onto a 0 - 25 ;aA panel meter, with 100 KJX. i n 
ser i e s to make the f u l l - s c a l e deflection equal to 2.5 V. 
A bias switch connected one end of the meter to various 
points on a resistance chain from the -12 V s t a b i l i s e d 
supply to earth, so that the meter read 0 - 2.5 V, 
2.5 - 5.0 V, 5.0 - 7.5 V, or 7.5 - 10.0 V. The 
thermistor c i r c u i t s were connected to the meter v i a 
another switch, feiiich enabled any of them to be selected. 
In practice, temperature gradients were read by 
measuring temperatures at a l l the heights i n turn 
several times, and firming the average for each height. 
The calibrations were obtained using a resistance 
box i n place of the thermistor, and using the thermistor 
manufacturer's resistance-temperature calibration. 
Unfortunately, the author did not at that time s u f f i c i e n t l y 
appreciate the influence of temperature on the output of 
a zener-controlled s t a b i l i z i n g c i r c u i t , and during the 
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measurements over melting show i t soon became appcurent 
that the c a l i b r a t i o n obtained i n t h i s way gave res u l t s 
near freezing point inaccurate by a degree or more, 
probably because the resistance of the zener diode had 
changed with temperature, although the performance of 
the OC 200 i n the thermistor c i r c u i t was presumably also 
influenced. The only v a l i d method of calibration would 
have been to put the thermistor, i t s c i r c u i t and 
s t a b i l i z e r i n a controlled tenperature enclosure. 
Instead, isanediately after each gradient measurement, a 
resistance box was substituted for the thermistors, and 
the resistances required to give the meter readings j u s t 
obtained was found. These could be equated to 
temperatures using the manufactvirer's ca l i b r a t i o n . This 
method, although cumbersome, was accurate. 
Each thermistor was used at a particular height 
during the experiment, so that individual variations could 
be allowed for. Comparison of the thermistors i n the 
laboratory with an accurate mercury-in-glass thermoneter 
at 20°C indicated that the thermistors (identified by the 
heights at which they were used) required the following 
corrections: ^ m, + 0.13 degC; 1 m, - 0.11 degC; 2 m,- 0,33 
degC. 
5.4 The Cup Anemometers 
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To f a c i l i t a t e measurements of wind speeds and 
gradients, two sen s i t i v e , three-cup anemometers 
manufactured by C P , Casella and Co. Ltd. (London) 
were borrovred from the Meteorological Office, whose help 
i s g r a t e f u l l y acknowledged. Each anemometer operated a 
contact breaker, which closed twice every three 
revolutions of the cups. The Meteorological Office 
supplied c a l i b r a t i o n s giving the wind-speed i n terms of 
contacts per minute. The wind-speed required to s t a r t 
the anemometers turning was about 0.25 m s~^, and the 
maximum recommended speed of operation was about 12 
m s"*^, which corresponded to 350 contacts per minute. 
For the gradient measurements, two electromagnetic 
counters were used, one for each anemometer. In 
operation, the counters could be switched on for as long 
a period as the average gradient was required, and from 
the readings, the wind-speeds found by means of the 
c a l i b r a t i o n s . In view of the observation of Bent and 
Hutchinson (1966) that the space-charge peaks were 
accompanied by f a l l s i n wind-speed, i t was thought 
desirable to be able also to record the speed 
continuously, and a diode pump c i r c u i t was b u i l t to 
convert the voltage pulses from one anemometer into a 
O - 1 mA signal for the recorder. There were two sets 
of input single sockets on the panel, one for each 
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anemometer, and a switch enabled the input from one 
of these to be changed from the counter to the recorder 
at w i l l . The c i r c u i t s are shown i n f i g . 5.12. They are 
quite standard, and the only features worthy of note are 
the 0.1 and 0.054 ;iF capacitors, included to prevent 
sparking at the anemometer contact-breaker. The 2000 pF 
capacitor gives the output a time constant of about ten 
seconds. 
The c i r c u i t for the recorder was calibrated i n the 
laboratory by attaching the apparatus to an anemometer, 
as i n the f i e l d , and using a fan to provide wind. The 
speed derived from the counter \ms compared with the 
recorder output, and the r e s u l t for the upper anem.ameter, 
the one generally used with t h i s system, i s shown i n 
f i g . 5.13. 
During the course of the work, one of the anemometers 
was broken, and was recalibrated after repair against the 
other using a wind tunnel i n the University Engineering 
Science Department. The two anemometers were put i n the 
tunnel, and t h e i r outputs compared using the counters. 
Their positions were interchanged and the process repeated. 
The mean of the two straight l i n e s obtained gave the new 
c a l i b r a t i o n . 
These arrangements worked s a t i s f a c t o r i l y , except that 
fclfr g.tH. A TOTAL-veCTOg 
122. 
i t proved impossible to record wind-speed and temperature 
continuously and at the same time, because the current 
pulses caused i n the making and breaking of the 
anemometer contact affected the output of the zener-
s t a b i l i z e d 12 V supply causing pulses on the temperature 
output. The counter was run off the unstabilized 24V supply, 
and so t h i s e f f e c t did not occur when the counter was used. 
5.5 The Total-Vector Anemometers 
As explained i n section 3.2.3, three of these were 
designed and partly b u i l t , but were not completed. 
B a s i c a l l y , each consisted of a v;ind-vane with i t s axis of 
rotation horizontal, mounted on the front of a conventional 
vane ( f i g . 5.14). On the front of the smaller vane i t was 
intended to mount a thermistor to measure the wind-speed, 
and with the two d i r e c t i o n a l measurements t h i s would have 
allowed the calculation of the horizontal and v e r t i c a l 
components of speed, and the horizontal direction. With 
t h i s , i t was hoped to detect changes of v e r t i c a l velocity 
and horizontal direction accompanying plumes. 
The usual way of detecting direction i n wind-vanes 
i s to use a rotary potentiometer with i t s s l i d i n g contact 
attached to the spindle of the vane. Unless special 
expensive low-torque potentiometers are used, hov/ever, 
the f r i c t i o n at the s l i d i n g contact means the minimum 
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speed detectable i s higher than could be tolerated i n 
t h i s case. Experiments were therefore carried out to see 
i f a photoelectric system could be devised, which might 
keep the s e n s i t i v i t y l i m i t of the instrximent to a fraction 
of a metre per second. The system devised i s shown i n 
f i g . 5.15. A small torch-bulb was used as a source, and 
a Mullard ORP 16 photorosistor as detector. Between these 
v/as a s l i t i n a mask attached to the box, and a variable 
collimator, a t h i n d i s c of perspex blacked as shown i n 
f i g . 5.15(a), attached to tlie spindle of the wind-vane. 
As the collimator turned with the vane, the effective length 
of the s l i t veiried, giving a varying output from the 
photoresistor. Each anemometer had two of these units, 
one for the horizontal and one for the v e r t i c a l vane. 
Mechanically, the system v/as satisfactory, A 
laboratory measurement of the torque required to move the 
large vane indicatedthat a wind of 0,3 m s"^ would turn 
i t , and the small vane xi^ as even more sensitive. The vane 
was put outside i n a moderate breeze for a few hours, and 
found to operate s a t i s f a c t o r i l y . 
E l e c t r i c a l l y , the system V7as never f u l l y tested. 
Preliminary measurements shovfed that a satisfactory output 
varia t i o n could be obtained, but there v/as a region of 
ambiguity about 40 v;ide v^ere the collimator moved 
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suddenly from i t s narrowest to i t s widest, and there 
seemed to be some var i a t i o n with time, perhaps due to 
blackening of the bulb. I t seems l i k e l y that the system 
would not have worked well i n the f i e l d , and the expense 
of low-torque, 360° potentiometers i s j u s t i f i e d . 
Three thi r t y - f o o t , hydraulic telescopic masts (by 
A.N. Clark, Binstead, I s l e of Wight) were obtained to carry 
these anemometers, and were l a t e r used for the cup 
anemometers. 
5.6 The Propeller Anancmeter 
As described i n chapter s i x , rough measurements of 
v e r t i c a l velocity were made using a sensitive propeller 
anemometer (manufactured by Davis and Son, London), which 
was mounted horizontally and le v e l l e d . The scale 
registered the run of wind i n feet, with a minimum 
d i v i s i o n of one foot (0.30 m) . The starting speed was 
not measured, but was estimated to be about 0.2 m s~^, 
5.7 The Overhead-Sky Photometer 
I t i s well known that potential gradient changes at 
the ground are often associated with clouds overhead, and 
Durst (1932) suggested that the positions of clouds might 
be related to convection currents at the ground. The sky 
photometers were b u i l t to monitor the cloud cover to aid 
interpretation of the potential gradient record, to t e s t 
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Durst's theory i f possible, and to determine cloud height 
and speed. 
5.7.1 Design 
The design was based on that of Whitlock (1955) and 
consisted e s s e n t i a l l y of an ORP 16 photoresistor at the 
bottom of a brass tube about 33 cm long, blackened on the 
inside ( f i g . 5.16). The tube was mounted v e r t i c a l l y on a 
wooden base, vdiich also carried a c i r c u l a r s p i r i t l e v e l 
to ensure the tube pointed v e r t i c a l l y . Small \ ^ i t e clouds 
gave a brightness reading greater than blue sky, and the 
dark centres of larger clouds gave brightness readings 
below the blue sky l e v e l . Tests were made with colour 
f i l t e r s to see i f blue sky could be made the brightest 
condition or the darkest, but without success. In 
practice, however, i t was easy to pick out the blue sky 
on the records. A t y p i c a l record i s shown i n f i g . 5.17, 
registering blue sky at f i r s t , and then a small cumulus 
cloud, followed almost immediately by a more extensive 
sheet of stratocumulus. The resistance of the ORP 16 
varied frcmi about 6 to about 50 KA , so i t was quite 
s a t i s f a c t o r y j u s t to put a 6 V dry battery i n ser i e s with 
the photoresistor and the pen recorder. 
5.7.2 Measurement of Cloud Speed and Height 
I n the early stages of the experiment, when the 
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measurements of Whit lock and Chalmers (1956) were s t i l l 
the c h i e f guide i n planning, consideration was given to 
methods of determining the change of wind speed with 
height. I t was f e l t that knowledge of cloud height and 
speed would give one height at which the wind-speed was 
known, and possible simple methods of determining these 
quantities were considered. The r e s u l t s are given here, 
although any such method i s more l i k e l y to be of value i n 
work on r a i n under layer clouds than i n t h i s type of work. 
In principle, the system devised was to determine 
cloud direction and angular velocity using a form of 
nephoscope (see "Meteorological Office Observer's 
Handbook" (H.M.S.O.), 2nd Edn. 1956, pp30-34), and to measure 
the cloud's ground-speed using overhead-sky photometers. 
This second measurement could e a s i l y be made using two 
photcsneters i n the l i n e of cloud movement, separated by 
two or three hundred metres, and correlating t h e i r outputs, 
(or e l s e by using three photometers forming a r i g h t -
angled t r i a n g l e , and calculating the components of cloud 
v e l o c i t y ) . A p i l o t experiment with two photometers showed 
t h i s to work well. As a nephoscope, two 2 m ranging poles 
and one of the thirty-foot masts could be used as follows: 
(1) one of the ranging poles could be stuck i n the ground 
a few metres from the foot of the mast, and a featxxre on 
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the cloud sighted past the tops of the pole and mast; 
(2) after a short delay the other pole could be stuck 
i n so that the tops of the mast and second pole lined up 
with the same featiire. The direction of the l i n e joining 
the two poles would give cloud direction. 
(3) The time taken for fiirther cloud features to pass 
the two sighting ^Intes would give angular velocity, 
knowing the dimensions of the arrangement. From angular 
v e l o c i t y and ground velocity, the height of the clouds 
could be calculated. In p r a c t i c e , i t would probably be 
eas i e r i n the long run to construct a portable form of 
comb nephoscope. 
I f automatic recording were moi^ e convenient, i t 
would be easy to mount two sky photometers together so 
that t h e i r tubes were i n the same plane, and pointed at, 
say, 15*^  to the v e r t i c a l on opposite sides of the v e r t i c a l , 
giving an angular separation of 30°. I f the instrument 
were then lined up with cloud direction, the delay between 
the records would give angular velocity. Cloud at 500 m 
moving a t 15 m s"^ would give a delay between the records 
of about 15 s. 
5.8 The Ambient-Brightness Photometer 
This instrument i s also i l l u s t r a t e d i n f i g . 5.16, 
where i t i s only s l i g h t l y further from the camera than 
the sky photometer, but supported at a higher l e v e l - i t s 
r\ 
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apparently much greater distance i s an unfortunate 
op t i c a l i l l u s i o n . 
The sensing element here was also an ORP 16, t h i s 
time a t the bottom of a brass tube j u s t long enough to 
prevent d i r e c t sunlight f a l l i n g on the r e s i s t o r . At the 
top of the tube was a d i s c of perspex "frosted" by rubbing 
on sandpaper, and designed to diffuse the light f a l l i n g 
onto i t . The whole was mounted on a blackened brass base. 
The chief object of the photometer was to detect 
sunlight f a l l i n g on the s i t e , at which i t was highly 
successful, to see i f the space-charge peaks were connected 
with d i r e c t sunlight i n i t i a t i n g a very l o c a l convective 
plume. A t y p i c a l record was given on f i g . 4.6. The 
resistance of the ORP 16 varied from about 250Ln. i n bright 
sunlight to about. 3Ka. i n deep shade. F i g . 5,18 shows the 
c i r c u i t used with the recorder. 
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CHAPTER 6 
MEASUREMENTS IN CONVECTIVE WEATHER 
6.1 Introduction 
Measurements were made at Durham University 
Observatory through the siann^r of 1966, and at Mordon i n 
the ea r l y summer of 1967. As already mentioned, although 
the r a i n f a l l a t Durham i s only 25.6 inches per annum, the 
proximity of the North Sea depresses sunshine t o t a l s , and 
both 1966 and early 1967 were unfortunately par t i c u l a r l y 
badly affected from t h i s point of view. Although such 
figures are only a rough guide, the seven months from 
March to September 1966 had 87% of the average sunshine, 
and the mean v/ind-speed, on which, of course, depends the 
depth of the forced convection layer, v;as 4.2 m s~^, 124% 
of the average. The sunniest month of the year was May, 
with 180 hours sunshine (113% of average), during much of 
which the V.R.E. was out of commission. However, i t was 
i n the early summer months of 1966 that the majority of 
the Durham r e s u l t s were obtained. 
The f i r s t few months of 1967'were also poor. Although 
March had 154 hours of sunshine (145% of average) , the 
mean wind-speed i n that month was 9.6 m s~^, over twice 
the average. The majority of the r e s u l t s at Mordon were 
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obtained I n a very fine s p e l l i n the otherwise poor month 
of June, when the dai l y sunshine to t a l exceeded 10 hours 
for seven days. 
6,2 Measurements at the Observatory 
6.2.1 The Site and Apparatus 
As the r e s u l t s of both Bent and Hutchinson (1966) and 
P?hitlock and Chalmers (1956) had been obtained at this 
s i t e , measurements were made there f i r s t , to make sure the 
apparatus would detect the phenomena they had described. 
This s i t e , and also the one at Mordon, have already been 
described generally i n Chapter 3, and f i g , 6.1 shows the 
immediate environment of the Observatory i n more d e t a i l . 
The Land-Rover was positioned i n the Observatory garden, 
against the hedge labelled on the map, and the leads to 
the apparatus were carried through the hedge. Figs, 6,1 
and 6,2 show the r e l a t i v e positions of the collector and 
the mast used by Bent and Hutchinson. The grass i n the 
area immediately surrounding the collector was kept below 
5 cm long. 
F i g . 6.2 shovra the south-westerly aspect of the s i t e . 
I t can be seen that there are rather more trees than are 
shown on the map, especial l y i n the l i n e bounding on the 
east the hard-surface playing-field. These trees form the 
horizon i n the photograph. Pig. 6.3 again shows the 
f-
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apparatus, but t h i s time the cameira faces north-east, 
and the 5 m hedge bounding the f i e l d on the east can be 
seen. Throughout thjs experiment, the apparatus was 
about 9 m west of t h i s , and i n any wind between N and 
SSE the a i r reaching the col l e c t o r would have blown over 
i t . 
In t h i s s i t u a t i o n , there was c l e a r l y no point i n 
measuring wind and temperature gradients near the collector 
and applying them i n the equations of chapter 2, which 
require horizontal uniformity. Scane measure of the 
turbulence could be obtained, however, from the wind-speed 
measured by the Observatory Meteorological Station 
anemometer, a Dynes pressure tube device mounted above the 
roof of the building at a height above the ground of 18.5 m, 
with an exposure reckoned by the Meteorological Office to 
make i t s effective height 10 m. I t was also desirable to 
have some measure of the temperature gradient i n the f i r s t 
metre, and t h i s was obtained by comparing the reading from 
a continuous-recording thermometer mounted at 1.2 m i n the 
Observatory Stevenson screen with the temperature at the 
ground. This was measured with a mercury-in-glass 
thermometer supported about 1 cm from the ground on a lawn 
i n the Observatory garden. The grass here was kept very 
short, and readings taken by placing the thermometer on i t s 
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support on a su n l i t patch of grass, shading i t for a 
minute, and then reading the temperature. Such 
measurements, of course, had l i t t l e absolute meaning, but 
provided a rough and ready indicator of the magnitude of 
the mean temperature gradient over the general area of 
the experim.ent. 
Early i n the summer the thermistor c i r c u i t for 
measuring small temperature changes was not ready, but i t 
was available i n time for use l a t e r on. 
6«2.2 The Space-Charge Pulses 
Soon after measurements i n convective weather had 
begun, the space-charge pulses which are the main concern 
of t h i s thesis were observed. Typical examples are shown 
i n f i g . 6.4, (a) and (b) being copies of records at the 
Observatory, and (c) a t Mordon. The most s t r i k i n g 
c h a r a c t e r i s t i c of the pulses i s t h e i r shape: a very sharp 
leading edge, with the recorder pen often moving almost to 
the peak i n tvra or three seconds, and a slower decay. 
Usually, the peaks were 30 to 40 pC m"""^  high, but were 
sometimes as much as 100 pC m""' i n amplitude. Between 80 
and 90 such pulses were recorded at the Observatojry, on 
nine different days. On seven of these days, the pulses 
were negative, and on the other two positive. At the 
Observatory, although not at Mordon, the positive pulses 
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were perhaps a l i t t l e l e s s sharp-edged than the negative, 
although t h i s may have been chance. Otherwise, the 
positive and negative pulses were exactly similar. At 
the Observatory, there v/as no day v;ith both positive and 
negative pulses. 
I t was apparent that the pulses were associated with 
convective vjsather. They only occurred on sunny days, and 
there was only one half-^hour period during which they 
2 
occurred when the average low-cloud cover exceeded -g-, and 
that was with |- cover. In order to investigate the 
r e l a t i o n of the pulses with lapse-rate and wind-speed con-
d i t i o n s , these two parameters were measured as described 
above every half-hour, and the records divided into 
corresponding half-hour periods, with the average of the 
lapse-rate and wind-speed measvurements at the beginning 
and end of the h a l f hour taken as the average conditions 
for that period. The half-hour periods were plotted on 
d i s t r i b u t i o n diagrams of wind-speed and lapse-rate. I t 
was soon noticed that the pulses occurred i n different 
conditions i n an easterly wind from those i n a westerly 
wind. The presence of the hedge was an obvious 
explanation, and so one diagram was plotted for periods 
when the wind was blowing from the hedge to the collector 
( i . e . i n a l l winds with an easterly component) and 
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another for other winds. The ^ t r i b u t i o n s are shown in 
f i g s . 6.5 and 6.6. I t w i l l be seen that, generally 
speaking, the pulses were more l i k e l y to occur i n lower 
wind-speeds and higher lapse-rates, and that the threshold 
wind-speed was lower when the wind had an easterly 
component. There were three periods which were exceptions 
i n the westerly case. In each of these half-hour periods, 
only one pulse occurred, and the same applies to the 
exceptions i n the eas t e r l y case, except for the period at 2.6 
-1 m s ,2,1 degC, vAiich had three pulses. F i g . 6.5 does not ^ 
show many points for wind-speeds less than 2 m s"^, 
because i n convective conditions with low wind-speeds, a 
sea-breeze often sets i n at Durham i n the la t e morning, 
giving an easterly wind. 
The monthly distr i b u t i o n of the nine days with pulses 
was: March (1 ) , A p r i l (1, with positive pulses). May (3, 
of \(^ich one gave positive pulses) , June (1), August (2), 
and September (1). In addition, one set of measurements 
was made with the apparatus of Bent and Hutchinson, i n 
l a t e January, which showed positive space-charge pulses 
i n shape more sim i l a r to those described by them than to 
the pulses shown here. 
The distributions shown i n f i g s . 6.5 and 6,6 w i l l be 
discussed further i n section 6.5, and those 
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c h a r a c t e r i s t i c s viiich the Observatory pulses showed i n 
common with the ones observed at Hordon w i l l be discussed 
i n section 6.4. I t was thought, however, that the 
dis t r i b u t i o n s indicated the pulses might be some sort of 
free-convection phenomenon, and i t v;as hoped simultaneous 
records of small temperature changes might prove t h i s . 
Islien these became available, i t was sometimes possible to 
pick out periods of free convection, although at t h i s 
height the a i r movement i s s t i l l very turbulent, and 
these, often coincided with periods,in which pulses 
occurred, but there v/as c l e a r l y no correspondence a t a l l 
between the space-charge peaks and the temperature peaks. 
F i g . 6.4 (a) i s an example of such a record? on t h i s 
occasion the thermistor was put at 1,5 m to t r y to ensure 
i t was r e a l l y i n the free-convection zone. Measxirements 
of temperature variations with the aspirated thermistor 
accon^anied space-charge measurements at the Observatory 
on three days, during v*iich eleven space-charge peaks 
were recorded. 
6,3 Measurements at Mordon 
The Mordon measurements detected a t o t a l of thirteen 
space-charge pulses, very l i k e those at the Observatory, 
on three days, on two of v^ich the pulses were 
predominantly negative. On the day with positive pulses. 
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there was one negative pulse, xAich occurred before a l l 
the others, and on one of the days with negative pulses, 
there V7as a positive pulse over an hour after the others. 
Both of these anomalous pulses were rather uneven i n 
shape, hov/ever, and may have been spurious. F i g . 6.4 (c) 
shows three of the Mordon pulses. 
I t V7as hoped o r i g i n a l l y to measure v/ind-speed gradient 
and temperature gradient during the Mordon readings, and 
to c a l c u l a t e the corresponding Richardson's numbers 
(section 1.3.3), i n the hope of r e l a t i n g these to the 
conditions under vAiich space-charge pulses occurred. 
Unfortunately, however, the procedure that had to be 
adopted to measure the ten^erature gradients (section 5.3.3) 
took so long that i t was impossible to repeat i t every 
h a l f hour. I t was therefore decided that t h i s measurement 
should not be attempted, especia l l y as the Observatory 
r e s u l t s had shown wind-speed to be the more important 
parameter, and measurements were made only of wind-speed at 
2.2 m, either by continuous measurement on the recorder, 
or by running the anemometer on the electromagnetic 
counter for the whole h a l f hour. 
Pig. 6.7 shovffi how the half-hour periods of measure-
ment i n bright sunshine were distributed with wind-speed. 
I t i s c l e a r l y unwise to draw firm conclusions from such 
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scant data, but the distri b u t i o n does suggest the 
pulses were more l i k e l y a t low wind-speeds, with a 
cut-off wind-speed of about 3 m s"^. In comparing t h i s 
value with the Observatory r e s u l t of about 4.5 m s"*^ i n 
a westerly wind, we must remember that the Mordon wind 
measurement was made at 2.2 m. I f we assume a 
logarithmic wind-profile, although t h i s s t r i c t l y applies 
only to neutral s t a b i l i t y , we can correct t h i s value to 
10 m. As was discussed i n section 2.4-.1 , the wind-
speed 
vSiere Zo i s the "roughness length". The surface i n the 
f i e l d at Mordon was thin grass about 15 cm high, so i t 
seems reasonable to take Zo = 0.01 m (see table 2.1), 
which gives the r a t i o of wind-speed a t 10 m to that at 
2.2 m as 1.28, and the' approximate maximum 10 m wind-speed 
for plumes at Mordon as 3.8 m s . 
In most cases, the sensitive thermistor was i n 
operation during the space-charge pulses, but, as at the 
Observatory, there was no correspondence i n the traces. 
On two days, the propeller anemometer was u^ed to measure 
v e r t i c a l wind-speed at 1 m, the d i a l showing t o t a l run of 
wind being read every minute. The average runs of wind 
for the minute periods varied between +3 and -3 m. During 
the three hours for vrtiich t h i s procedure was carried out. 
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only four space-charge pulses v/ere observed, of which 
one was of doubtful v a l i d i t y , and these did not coincide 
with any s t r i k i n g event onthe v e r t i c a l velocity record. 
Potential gradient v;as also measured during a l l the 
Mordon pulses. For two pulses, there were possible 
coincident peaks of potential gradient 5 V m ^ high, but 
for a l l the others there was no correspondence. In 
general the potential gradient was f a i r l y steady, and on 
only one occasion were short period variations observed 
anything l i k e those described by VSiitlock and Chalmers 
(1956). This occasion was i n a wind-speed of about 
5 la s""'", too great for space-charge pulses at 1 m, and five 
peaks, each about 50 V m"''" high and las t i n g for two or 
three minutes, were measured. They had an average 
separation of about 15 minutes. Since a potential 
gradient deflection of 5 V m"^  would probably have been 
noticed, and t h i s would be given by a uniform horizontal 
layer only 1 m thick of space charge of density 40 pC m~^ , 
i t i s cle a r that the pulses could not have had much 
v e r t i c a l extent. 
Since the pulses could apparently be detected only 
with the space-charge c o l l e c t o r , i t proved impossible to 
conrpare measurements at two places simultaneously. 
The sign of the potential gradient did not seem to 
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a f f e c t whether the pulses were positive or negative. 
6.4 Other General Properties of the Pulses 
.-The remarks i n t h i s section apply to the re s u l t s 
at both the Mordon and the Observatory s i t e s , unless 
otherwise stated. 
6.4.1 Intersection-Length and Wind-Speed 
I f we assume that the space-charge pulses are 
carr i e d along by the v;ind, we can obtain a horizontal 
length for each pulse by multiplying the time i t l a s t s 
on the record by the mean wind-speed. The time i n t e r v a l 
used was the "half-peak duration", i . e . the time for 
which the space-charge density was more than half-way 
from i t s quiescent value to the peak. The duration of 
each pulse thus measured was multiplied by the mean wind-
speed for that half-hour period to give an "intersection 
length" of the pulse. For each half-hour period, the 
mean value of t h i s quantity was calculated, and ccsnpared 
with the mean wind-speed. At Mordon, the 10 m wind-speed 
calculated as above was used. The r e s u l t s are shown i n 
f i g 6.8. Half-hour periods with only one pulse were not 
included because of the increased likelihood of random 
error. As already mentioned. Bent and Hutchinson's 
apparatus was used for one period of measurement, lasting 
3 
1 
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about 1^ hours and including eleven pulses, and t h i s 
i s shown on the graph as one point, at 3.5 m s"^, 
280 m. 
The graph appears to be best represented by a straight 
l i n e almost through the origin, and the least-squares 
b e s t - f i t t i n g l i n e through the origin i s shovm. The 
co r r e l a t i o n c o e f f i c i e n t r betv/een intersection-length and 
windrspeed i s about 0.7 (22 r e s u l t s ) , s i g n i f i c a n t beyond 
the 0.1% l e v e l . 
I f we assume the space-charge pulses to represent 
v e r t i c a l columns of space charge of c i r c u l a r horizontal 
cross-section, then the intersection-lengths measured w i l l 
represent random chords of the c i r c l e , and, even i f the 
cross-section had a fix«J diameter for a particular wind-
speed, a d i s t r i b u t i o n of intersection-lengths between 
t h i s diameter and zero i s to be expected. I t i s e a s i l y 
shown that the average chord-length of a c i r c l e i s "T/4 x 
diameter, and a - ^ t t p r i . l i n e i s shown on the graph v^ich 
has 4/V X the slope of the best l i n e . This should 
represent the mean diameter variation with wind-speed on 
t h i s model. Of course, even i f t h i s picture of the pulses 
were true, a random distribution of diameters about a 
mean would be expected for each wind-speed. 
Although some such model may represent the physical 
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picture, and we may indeed be discussing a physical 
element whose diameter increases with wind-speed, a l l 
that the linear relationship of f i g . 6.8 t e l l s us 
dir e d t l y i s about the time i n t e r v a l we multiplied by 
wind-^speed to get the intersection length, which we 
then found proportional to wind-speed. Clearly, the 
half-peak duration of the pulses i s independent of 
wind-speed, and the slope of the best l i n e on f i g . 
6.8 shows i t s mean value to be 43 s. 
6.4.2 Distribution and Mean Value of 
Intersection-Lengths 
The d i s t r i b u t i o n of individual pulses by 
intersection length showed a peak at about 30 m, and a 
gradual t a i l - o f f to zero pulses at about 500 m. This 
presumably represents only the distribution of wind-
speeds during measurement, but iu i s mentioned because 
i t showed quite a close resemblance to the distributions 
found for his temperature pulses by Vul'fson (1964) 
(section 1«5) . For t h i s reason, attempts were made to 
f i t functions of the form 
as suggested by Vul'fson, but, not surprisingly, the 
dis t r i b u t i o n could not be represented i n th i s way. 
The mean intersection-length of a l l the pulses 
(^1 
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measured was 143 m. 
6.4.3 Pulse Separation and Wind-Speed 
The time i n t e r v a l s between the sharp leading edges 
of successive pulses were treated i n the same way as 
the half-peak durations, and the s p a t i a l separations 
obtained are shown plotted on f i g . 6.9. The points from 
the Mordon measxirements are distinguished from the 
Observatory points. Rather more scatter might be 
expected on t h i s graph than on f i g . 6.8, because there 
was no c l e a r way of t e l l i n g whether or not a pulse was 
i n any way associated v;ith i t s predecessor. An 
exceptionally long gap might have represented a period 
during which conditions had changed s l i g h t l y to prevent 
pulses. However, a l l such gaps were included i n the 
averages, unless i t was quite clear that the pulses 
occurred i n two separate groups with a long interval 
between them. 
Because of the supposed relationship of these 
r e s u l t s with those of Bent and Hutchinson (1966) and of 
Whitlock and Chalmers (1956), the i r measurements are 
also included on the graph* Some adjustment of both 
these other sets of r e s u l t s was necessary to make a f a i r 
comparison. Whitlock (1955) gave the mean separations 
of the " f i e l d pulses" reported by him and Chalmers, but 
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calculated these using the speed of the pulses 
measured by correlating the records from two separated 
f i e l d m i l l s . Fortunately, he also gave the r a t i o of 
t h i s speed to the 10 m wind-speed, and so i t i s possible 
to calculate the 10 m wind-speed and corresponding mean 
separation for each set of pulses. Bent and Hutchinson 
calculated the separations of thei r pulses i n the same 
way as the author, but used the 17 m wind-speed 
measured on the mast. We can very roughly reduce this 
to 10 m by multiplying by ^^/log IPT which equals 
0.81, although t h i s neglects the roughness length Zo, 
and the fact that lapse conditions were not neutral. 
The state of the grass i n the f i e l d ( i n the author's 
recollection) might j u s t i f y putting Zo » 0.03 m, giving 
a correction factor of 0.92, but since the s i t e 
generally was not horizontally uniform, any such estimate 
of roughness length i s speculative. In any case, the 
factor chosen does not affect the ratioi/i of vd.nd-speed 
to s p a t i a l separation. The factor used was 0.81. 
. The author's r e s u l t s are grouped i n half-hour 
periods, as before, but the other workers i n general took 
an average for each day's readings. 
I t can be seen that a l l three sets of r e s u l t s seem 
to r e l a t e separation and wind-speed i n the same way. 
There i s some evidence of non-linearity, but a straight 
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l i n e through the origin f i t s the r e s u l t s quite well. 
The correlation c o e f f i c i e n t r i s about 0.75 (38 results) , 
which i s s i g n i f i c a n t beyond the 0,1% l e v e l . The mean 
in t e r v a l s between pulses calculated frcxsi the points 
on the graph are as follows: author's re s u l t s 7.58 min, 
r e s u l t s of Bent and Hutchinson 8.75 min, resu l t s of 
Whitlock and Chalmers 6.22 min, a l l r e s u l t s 7.40 min. 
6.4.4 Pulse-Height Variation with Wind-Speed 
No variation was apparent. 
6.4.5 Consideration of Further Analysis 
Some thought was given to wiiether the re s u l t s 
j u s t i f i e d a more rigorous s t a t i s t i c a l analysis than 
given above. Each point shown on f i g s . 6.8 and 6.9 
i s subject to error on both variables. The wind-speed 
measurement i s a mean over h a l f an hour, during which 
there i s always short-period turbulent variation and 
often a slov;er change. To represent roughly the error 
due to the randcsa variation, at the Observatory, one-
six t h of the width of the wind-speed trace on the 
anemogram was taken, based on the argument that i f the 
dis t r i b u t i o n about the mean were normal, three standard 
deviations on either side of the mean would enclose 
almost a l l the dis t r i b u t i o n . The error on the length 
was taken as the square root of the variance of the 
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d i s t r i b u t i o n within each h a l f hour. In t h i s way, some 
idea, a l b e i t very rough, was obtained of the errors for 
each point. 
F i t t i n g the best straight l i n e to data with 
errors on both variates i s a problem for which no general 
solution i s known. Morgan (1960) and Davies (1957, section 
7.6) suggest different methods of solution for special 
cases. Davies' treatment requires the errors on the 
variates to be independent, and t h i s i s probably true 
for Morgan's method also. Since the lengths plotted i n 
both ^aphs were obtained by multiplying a time i n t e r v a l 
by the wind-speed, the error on the v;ind-speed c l e a r l y 
would have affected the error on the distance. This 
d i f f i c u l t y could be overcome. For example, i f the 
intersection-length 1 were related to the mean wind-speed 
u by 
I z b (6,1) 
where a and b were constants, the half-peak duration t 
would be related to u by 
^ = ^ (6.2) 
The variables t and u should have independent errors, 
and so the method of either Morgan or Davies could be 
used to determine a and b and their probable errors i n 
regression (6.2), and these substituted i n (6.1). 
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There are more formidable d i f f i c u l t i e s , however. 
Both methods e f f e c t i v e l y assume that the r a t i o of the 
errors on the variates does not vary from point to 
point. This i s ce r t a i n l y not so i n t h i s case. Also, 
the errors on a point calculated as above appear to bear 
no r e l a t i o n to the distance of the point from the best 
straight l i n e . F i n a l l y , on graph 6.9, there i s some 
evidence that the slope of the best f i t should decrease 
with increasing vriLnd-speed, 
Taking into account a l l these objections, i t was 
f e l t that there was l i t t l e j u s t i f i c a t i o n for applying 
either method to the analysis, and i t was decided merely 
to shov7 the least-squares l i n e s of best f i t through the 
origin s , vrithout attempting to calculate their confidence 
l i m i t s . 
The author i s grateful to Dr, M, Stone, Reader i n 
Mathematical S t a t i s t i c s at t h i s University, for his 
advice i n t h i s matter, 
6.5 Interpretation of Results 
6.5,1 Summary of Properties of Pulses 
The following i s a summary of the properties of the 
space-charge pulses observed a t l m, 
(a) They form d i s t i n c t i v e peaks on the space-charge 
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density records, having a very sharp leading edge, and 
a slow decay with a time constant of the order of one 
- minute. 
(b) They can be of either sign, although about two-
thirds-are negative-going, and the shapes of negative 
) and,positive peaks are i d e n t i c a l . Positive and negative 
pulses do not generally occur both on the same day. The 
sign of the pulses docs not apparently depend on either 
the sign of the potential gradient or the sign of the 
quiescent space charge. 
(c) Their magnitude i s variable, does not depend 
noticeably on wind-speed, and i s usually about 30 to 40 
-3 -3 -3 
pC m , but may exceed 100 pC m (625 e cm ) . Their 
v e r t i c a l depth i s probably l e s s than 1 m.. 
(d) The peaks occur both at the Observatory and at Mordon, 
and pulses from the two places are indistinguishable. 
(e) The pulses only occur i n sunny weather, and are more 
l i k e l y i n low wind-speeds and high lapse-rates. 
(f) The maximum v/ind-speed at which they usually occur i s 
lower when the wind blows over an obstruction before 
reaching the apparatus. 
(g) The duration of the pulses i s independent of wind-
speed, indicating that, i f the charge i s blown along with 
the wind, the horizontal diameter of the charged volume 
i s proportional to wind-speed. The mean duration i s about 
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43 s. 
(h) The I n t e r v a l between pulses i s also independent 
of wind-speed, indicating that t h e i r s p a t i a l separation 
- i s proportional to wind-speed. The in t e r v a l i s about 
equal to those observed by IJhitlock and Chalmers (1955) 
and Bent and Hutchinson (1956), and the average of a l l 
these r e s u l t s i s 7.4 minutes. 
( i ) The pulses do not seem to be related to variations 
of temperature, or, v/ith l e s s certainty, v e r t i c a l a i r 
v e l o c i t y . 
6.5,2 Comparison with the Results of Bent and 
Hutchinson (1966) , and Vlhitlock and 
Chalmers (1956) 
The phenomena observed on a l l three occasions have 
one fundamental s i m i l a r i t y . They a l l probably represent 
dis c r e t e concentrations of space charge occurring only 
i n sunny weather. Also, the magnitudes of the 
concentrations, and the i r mean separations, are about 
the same. However, there are ic^ortaht differences. 
The f i r s t of these i s the shape of the pulses. The 
peaks of Bent and Hutchinson, from the i l l u s t r a t i o n 
they give, were straight-sided, and they do not report 
any asymmetry. Also, both sets of workers report only 
positive peaks, but i n the present work negative ones 
were usual. This may be an accident of sampling, perhaps 
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aggravated by f a i l u r e to recognize the negative peaks 
as the same phenomenon v/hen the workers had become 
accustomed to looking for positive ones, but t h i s 
explanation seems unlikely. 
One possible explanation of the shape of the 
pulses i s that t h i s i s an instrumental effec t . The 
recorder cannot have been at f a u l t , or i t would not have 
responded so quickly to the leading edge of the pulse. 
S i m i l a r l y , the V.R.E. should react symmetrically to 
the pulse. Its.time constant i s irrelevant, because we 
are' not considering a decay from an imposed signal to 
zero, but from one imposed signal to anotlier, as can be 
c l e a r l y seen by considering the cases where the peak 
took the space-charge density negative from a quiescent 
p o s i t i v e value. The p o s s i b i l i t y that t h i s shape was a 
c h a r a c t e r i s t i c of the collector cannot be eliminated -
a somewhat si m i l a r decay was noticed i n one or two other 
measurements - but once again i t seCTis unlikely that the 
co l l e c t o r should react asymmetrically to the square-
edged pulses, especi a l l y ..as the v i r t u a l l y i d e n t i c a l 
c o l l e c t o r s of Bent and Hutchinson did not. 
Secondly, although the observations of Whitlock and 
Chalmers were sol e l y of potential gradient peaks, there 
were none observed to coincide with the space-charge 
peaks i n the present case. I t i s possible that the 
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space-charge columns reach s u f f i c i e n t height only at 
the Observatory to affect the potential gradient, although 
t h i s seems unlikely. Although neither Bent and 
Hutchinson (1966) nor Bent (1965) mention potential 
gradient measurements i n t h i s connection. Dr. Bent was 
kind enough to l e t the author have the computer print-
outs of h i s r e s u l t s for three of the days on which he 
detected peaks, and these show simultaneous potential 
gradient peaks sometimes 30 - 40 V m~^  high. 
Also, i n the present case, no coincident temperature 
variations were observe!. This agrees with the r e s u l t 
of Whitlock (1955), but disagrees with Bent and 
Hutchinson who detected marked variations down to 0.5 m, 
the variations at the lowest l e v e l being, i n fact, the 
most marked. Unwilling to neglect any p o s s i b i l i t y , the 
author considered whether Bent's temperature and humidity 
' peaks might be an instrumental ef f e c t : Mr, M,J, Smith 
(personal communication),wsho took over Bent's 
apparatus, found that, due to a faulty biassing arrange-
ment, the channels on the recorder sometimes influenced 
one-another, but consideration of the sampling sequence 
v^ich connected the apparatus to the recorder showed 
that the space-charge peaks could not have influenced 
the temperature. 
Although the importance of the d i f f i c u l t i e s cannot 
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be underrated, i t seems probable that the three sets 
of measurement are related i n some way. I t would be 
surprising i f three workers on the same s i t e , however 
irr e g u l a r i n topography, could each find a phenomenon 
involving peaks of space charge i n convective weather, 
. and that a l l three phenomena were different, and no 
worker detected either of the phenomena reported by 
the others. C l a r i f i c a t i o n of the relationship of the 
three sets of records must await further measurements. 
Meanwhile, some limited conclusions can be drawn <ibout 
the nature of the peaks. 
6.5.3 Relation of the Results to 
Convection Models 
As was discussed i n chapter 1, the best supported 
model of convection i n the f i r s t few metres i s a layer 
of forced convection, with fully-turbulent temperature 
variations, overlain.by a region i n which freely 
convective plumes are present. It i s clear that f i g s . 
6.5 and 6.6 i n v i t e the explanation that the space-charge 
pulses occur i n the free convection region, but not i n 
the forced convection layer. This would mean that the 
forced convection layer was about 1 m deep for a 4,5 m s""^ 
wind (at 10 m) blowing up the Observatory f i e l d from the 
west, but reached t h i s depth at the apparatus i n a wind 
of only 1.5 m s"^ when the a i r had to blow across a 
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five-metre hedge, whxch, of course, would increase the 
depth of turbulence downwind. The lower cut-off wind-
speed over open ground at Mordon of 3.8 m s ^  i s to be 
expected from the longer grass there. 
I f t h i s interpretation i s correct, i t i s important 
i n showing the depth of the fully-turbulent layer over 
land much more uneven, and much more typ i c a l of t h i s 
country, than the very f l a t countryside over v^ich, for 
example, the measurements of Swinbank (Priestley 1955) 
, or Taylor (1956) were made. There seem to be no previous 
data on the l i k e l y depth of the forced convection layer 
over uneven topography. Comparison of the measurements 
on the r e l a t i v e l y f l a t country at Mordon with those at 
the Observatory shows, on t h i s interpretation, that 
gentle slopes, and obstacles l i k e trees within a few 
hundred metres, make l i t t l e difference to the depth of 
forced convectiouy and the di^ t ^ b a n c e caused by the 
Observatory building and the hedge i s surprisingly l i t t l e . 
For comparison, Webb (1964) quotes 1.5 m as a ty p i c a l 
depth of forced convection i n a 5 m s"^ wind over f l a t 
grassland on a "clear summer day i n middle lat^itudes", 
Webb i s presumably referring to Australia, where the heat 
flux w i l l be greater and the forced convection layer 
therefore shallower than i n t h i s country. 
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I f the space-charge pulses are associated with the 
free convection layer, then they provide a vexry much 
better indicator of the layer than temperature or v e r t i c a l 
v elocity measurements. Near the boundary, the temperature 
pulses are much l e s s marked, as i s shown by the example 
given by P r i e s t l e y (1959, P. 54), and was c e r t a i n l y found 
i n the temperature records taken i n t h i s experiment, from 
which i t was often very d i f f i c u l t to distinguish the 
free convection periods from the f u l l y turbulent records. 
However, the r e l a t i o n of the space-charge pulses to 
buoyant elements remains obscure. I t was shown i n 
section 2.4.3 that P r i e s t l e y ' s plumes would be expected 
to give space-charge peaks, but two orders of magnitude 
smaller than those measured. The other principal 
objection i s the f a i l u r e to detect coincident temperature 
peaks, although, i n view of the measurements of Bent and 
Hutchinson (1966), i t i s possible that there i s some 
other undetected reason for t h i s . Also, i n a leaning 
plume, the a i r frcan nearest the ground, being warmest, 
and presumably carrying most space charge, would be 
expected to concentrate on the upper, upwind side of the 
plume, as i s shox<m i n temperature measurements. This 
would give a sharp edge to the space-charge pulse at the 
back edge, and not the front. F i n a l l y , both the diameters 
and the separations of the pulses are greater than would 
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be expected for convection plumes, judging from the 
ffieasureiaents of Vul'fson (1964) . As far as the author 
i s aware, variation of the dimensions and separation of 
pliimes with wind-speed has never been reported. 
One interesting p o s s i b i l i t y i s that the plumes 
carry up from the ground not only space charge, but a i r 
of greater conductivity. The discontinuity of 
conductivity at the upper, sharp edge of the plume might 
give a very l o c a l space charge, as described i n section 
2,2.2, which would account for the sharp leading edge 
of the space-charge pulse, which would then coincide 
with the back of the plume. The magnitude of the pulse 
would depend on the conductivity gradient and the extent 
to which an e l e c t r i c a l quasi-static state, with a 
conduction current, would be set up across the back 
face of the plume during i t s lifetime. Inspection of the 
records shovred that the space-cheirge pulses coincided 
no more regularly with a sharp f a l l i n temperature than 
they did with a sharp r i s e , and the other objections 
l i s t e d above remain, 
6.5.4 Other Possible Explanations 
The convection Interpretation, despite a l l i t s 
f a u l t s , sems to provide a better explanation of the pulses 
than any other. A l o c a l pollution source might explain 
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the constant duration and i n t e r v a l of the pulses, but 
cannot explain why they are only found i n low wind-
speeds i n sunny weather, and why they are negative on 
most days, but positive on others. I t would also be 
remairksJsle for such a source to be present both at the 
Observatory and at Mordon. 
Another p o s s i b i l i t y i s that electrode effect 
produced space charge a t the Observatory mast or other 
objects, as described by Bent and Hutchinson (1966), 
and t h i s blew o f f a t i n t e r v a l s . This would only occur 
at low wind-speeds, but does not explain the association 
with sunny weather, the presence of the pulses i n the 
open country at Mordon, and, most t e l l i n g of a l l , why 
the sign of the pulses i s independent of the sign of the 
potential gradient. 
The p o s s i b i l i t y of some v/eather-dependent 
instrumental e f f e c t , such as those described i n section 
4.6, cannot be ent i r e l y eliminated, of course, although 
i t i s hard to imagine %^at sort of phenomenon i t could be, 
and why i t should produce negative pulses on some days 
and positive on others. 
6.6 Conclusion 
The circumstantial evidence strongly suggests that 
the space-charge pulses are associated with free convective 
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conditions; i f t h i s i s true, i t shows that the depth 
of the forced convection layer i s about the same i n 
broken countryside as over very f l a t ground. The 
r e l a t i o n of the pulses to buoyant elements i s , however, 
obscure. . I t seems unlikely that they coincide with 
convactive plumes. The origin of the space, charge i s 
also a cort^lete mystery. Space-charge gradients usually 
observed do not seem s u f f i c i e n t to account for the pulses, 
even assuming, the peaks are i n some way related to v e r t i c a l 
motion. I t i s hard to imagine a pollution source which 
would give i d e n t i c a l pulses at both the Observatojry and 
Mordbn, especially taking into account variation of the 
sign of the pulses, and the weather conditions under which 
they occur. Perhaps i n solving the mystery of \Aiexe the 
space charge originates, and how long the pulses l a s t , 
some l i g h t might be shed on the cause of their relation 
to free convection conditions. More w i l l be said on thi s 
i n chapter 10. 
CHAPTER 7 
SPACE CHARGE OVER MELTING SNOW 
7,1 Charge Released from Melting Snow 
Bent and Hutchinson (1965) measured a marked space-
charge gradient over melting snow on the ground i n 
moderate winds, indicating that negative charge was 
being released to the a i r at the surface. This chapter 
describes attempts to repeat their measurements, and 
includes estimates of the convection cvirrent and rate of 
charge separation required to explain their r e s u l t s . 
Some workers report that when i c e sublimes, i t 
releases positive charge to the a i r , which probably 
accounts for the positive space charge observed near 
blowing snow, and has been explained i n terms of 
temperature gradients by Latham (1964) . The negative 
space charge often observed near melting snow may 
originate from water becoming negative with respect to 
i c e at the interface. I n melting snow, same of the melt-
water might be scattered i n the a i r as small droplets, 
which would evaporate, or be themselves trapped i n the 
charge measurement apparatus. The magnitude of the 
e f f e c t depends on meiny factors, however. The presence 
of carbon dioxide may^ important, perhaps because of i t s 
r e l a t i v e l y high solxibility and ionization i n solution. 
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and other impurities also a f f e c t r e s u l t s . There i s 
evidence to suggest that the rate of melting i s also 
important. Magono and Kikuchi (1963 and 1965), using 
natural and a r t i f i c i a l snov/flakes, have found that the 
charge released to the a i r depends very much on the 
number of a i r bubbles breaking as the i c e melts, 
presumably because t h i s governs the number of droplets 
scattered into the a i r , and the charge therefore depends 
on the dimensions and complexity of the c r y s t a l s . 
I n view of these many variable factors, i t i s not 
surprising that there i s wide disagreement amongst 
measurenents of the amount of charge released to the a i r 
- when i c e melts. Most measurements have given r e s u l t s of 
the order of 1 esu gm~^  of i c e (0.33 kgm"^) but r e s u l t s 
vary from 0,3 esu gm"^  (MacCready and Proudfit 1965, for 
8 
natural hailstones melting i n the laboratory) to 1.1 x 10 
esu gm"^  (Magono and Kikuchi (1963 and 1965) for snow 
c r y s t a l s ) . 
7.2 Space-Charge Gradients over Melting Snow 
< 
7.2.1 General Theory 
I t was shown i n section 2.4,2 that a convection 
current density i j i n forced convection i n horizontally 
uniform conditions i s linlced to the space-charge density 
gradient by equation (2,15) : 
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This was derived for neutral s t a b i l i t y , since i t 
asstimes ^ / but, as Priestley (1959, P.39) has 
pointed out, i n forced convection buoyancy plays no part 
i n heat transfer, and t h i s wind-speed gradient r e l a t i o n 
therefore applies. Dising equation (2.3) for the 
conduction current i ^ ^ , we can write the t o t a l current i 
at a p a r t i c u l a r height as 
^ ^ s ^ ^ X 
Since (equation 2.11) 
I * (7.3) 
Hence, by measuronent of potential gradient, conductivity, 
wind gradient, and space-charge density gradient at a 
p a r t i c u l a r height, the t o t a l upward current density could 
be calculated, and t h i s would be equal to the rate of 
charge-release to the a i r per unit area of snow surface. 
; By a method analogous to that used to derive (7.1), 
and detailed by P r i e s t l e y (1959, chapter 3 ) , the heat 
flux H can be shown to be related to the potential 
temperature gradient 1^  by 
> > >fC.k"^ ( l ) ( ^ ) (7.4) 
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For explanation of the difference of sign, the reader 
i s once again referred to the conventions described i n 
the Forfeword. Also 
{r^yyAi&ze 'p.- i i B the dry a^iabatic lapse-rate. I f L i s the ; 
. lateht he^ ^ of i c e , then a heat flux ft melts 
. a mass of i c e H/L per unit area per unit time. I f the 
vCharge released to the a i r per kilogram melted i s S, 
which we may c a l l the "s p e c i f i c charge", then 
^ \ i '': ^ / L . (7.5) 
Hence, fran (7.2) 
S * - (7.6) 
This treatment involves a number of assumptions, i n 
par t i c u l a r that a l l the heat flux melts snow at the 
surface, and that a l l the heat reaching the siurface i s 
car r i e d down from the warm a i r above by forced convection. 
With the snow surface a t 0*^ C, the f i r s t assumption 
i s l i k e l y to be not much i n error. With regard to the 
second, any heait from the ground w i l l presumably melt 
snow a t the bottom of the layer. A more serious error i s . 
l i k e l y to. be the heat fItix from radiation from the sun 
and the sky i n c l e a r conditions. This might be 
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calculable for a particular case - Sutton (1953, chapter 
. 3) discusses t h i s probleti— but i n t h i s treatment we 
s h a l l assume the radiative heat flux to be negligible, 
as might perhaps be the case under an overcast skyi 
The treatment also assumes aerodynamically rough 
flow, which, over a smooth snow surface, requires 
j u s t i f i c a t i o n . P r i e s t l e y (1959) states that i t occurs 
when . : 
> y'^^l^o (7.7) 
vdiere \? i s the kinematic v i s c o s i t y . For a i r around 
0°C, V « 1.3 X l o " ^ ra^ s"i^. According to Pr i e s t l e y 
(1959, P.21), over smooth snow on short grass, « 
5 X l o " ^ m, and so (7.7) becomes 
The general condition becomes 
Figures given by Pr i e s t l e y show that over smooth snow 
on short grass t h i s would correspond to a wind-speed at 
2 m of 18.5 m s~^, which means that over such a surface 
the treatment could only be used i n a strong wind. 
However, since the determination of S requires calculation 
of u^^ and can e a s i l y be determined, a check can be 
kept on the a p p l i c a b i l i t y of the treatm.ent. 
I t should be noted that (7,6) gives only the charge 
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released to the a i r . Much of the charge separated i n 
melting i s presumably carried i n melt-water which 
percolates through the snow to the ground, and would not 
be measured by t h i s method. The proportion released to 
the.air i n the form, i n i t i a l l y at l e a s t , of small 
droplets, i s l i k e l y to depend mainly on the texture of 
the snow surface, but also on the degree of turbulence 
i n the a i r near the surface. This second factor suggests 
that there might be a relationship between S and u^, to be 
determined experimentally, 
7.2,2 Application to Measurements of Bent 
and Hutchinson (1965) 
As already mentionedBent and Hutchinson report a 
period (their period ."C") when they measured a positive 
space-charge density gradient over melting snow, i n a 
mean Wind-speed of 10,5 m s""^ at 10 m, and a mean 
temperature of 2.5°C at 1.2 m. Using these figiures we 
can make a very rough calculation of the s p e c i f i c charge 
of the melting snow, although we have to make assumptions 
about the gradients. The calculation w i l l , i n any case, 
serve as an example of the application of the method. 
In addition to the charge gradient. Bent and 
Hutchinson observed a high positive charge density at 
higher l e v e l s , which they attributed to blov/ing snow on 
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d i s t a n t h i l l s . Since i t came from a distant sovirce, 
t h i s charge should have been uniformly mixed, and ought 
not to have affected the charge gradient. This w i l l be 
asstimed to be the case. 
F i r s t , we must calculate u^ ^ to find whether the 
flow was aerodynamically rough. I f we knew the wind-
speeds at two heights t h i s could be done by siabstituting 
both sets of figures i n the wind p r o f i l e 
However, we must here assume a value for Z^. Priestley 
-3 • • 
(1959, P,21) gives Z^ = 10 m over a snow surface on 
natural p r a i r i e . Taking u as 10.5 m s"^ and Z as 10 m, 
(7,9) gives u^ ^ = 0,46 m s"-*" and u^ ^ Z^ = 4,6 x l o " ^ m^  s"^, 
which f u l f i l s the condition (7.8). The condition i s f u l -
f i l l e d unless Z^<lo''^m, which seems unlikely. 
As already mentioned. 
W - - pCt>K e ^ ^ (7.4) 
Putting = ^•^'^ (xj^ ^ ^ 
H = -P^P ^ ^ U^ V -'^  
I f T «= 0°C at Z e lo"^m, integration of t h i s gives for 
the temperature difference between that height and 1.2 m 
The space-charge density difference between 1 and 2 m, ^ o r , 
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i s given by the integration of (7,1), assuming the 
convection current to be constant with height between 
these two l e v e l s : 
C^<r ^  0-6')g l.^yVu^^ (7,11) 
The charge released S w i l l be transferred upwards by 
conduction and convection. Let us c a l l the part 
transferred by conduction Sj and the part transported by 
convection S j . C l e a r l y , 
and, from (7,5) , <^ a L i ^ / u 
whence, using (7,10) and (7.11) 
We s h a l l take Cp « 1,01 x 10^ J kgm"'^  degC""^, 3-= 3.34 x 
10^ J kgra"^, and 1^  = 1.28 kgm m"^ . Bent and Hutchinson 
obtained A<r = 250 e cm~^ (40 pC ra"^) , and ^ T=2,5 degC, 
Hence 
This, of course, only represents the charge which i s 
released at the surface and carried upwards by convection 
between 1 and 2 m, The convection current i s shown by 
—11 —2 
(7,11) to be equal to 1.06 x 10 Am , assuming = 
0.46 m s"^. 
The potential gradient a t 1 m during the measurement was 
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•f 500 V m*"^, and i f we assume the conductivity at 1 m 
measured at the Observatory by Higazi and Chalmers (1966), 
8.4 x lO"^^ SL'^ m'^ , from 
u. FX 
This i s a l i t t l e under half the convection current value, 
and SI might therefore be about half S j , i f the value 
t£dcen for the conductivity were r e a l i s t i c . However, the 
melting of the snow may be accranpanied by the production 
of small ions, which w i l l increase the conductivity. As 
i s shown by f i g 2.2, t h i s would not by i t s e l f increase 
the conduction current, but the space charge present has 
increased the potential gradient, so the current w i l l be 
greater. C l e a r l y , i f t h i s method i s to be useful, 
measurements of conductivity and potential gradient are 
e s s e n t i a l . 
As regards errors on the heat flux, the Observatory 
records show the sky to have been overcast a l l day. One 
source of error not yet considered i s the heat used up 
i n vaporizing any small droplets produced at the 
surface. Some kind of estimate of t h i s can be made by 
measuring the water vapour pressure gradient, and hence 
the flux of vapour. The report by Bent and Hutchinson 
gives a gradient of r e l a t i v e humidity, but when the 
tCTiperature gradient i s taken into account, i t i s found 
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that t h i s represents an i n s i g n i f i c a n t gradient of 
water concentration. I t would seem that i n t h i s case at 
l e a s t , the error from t h i s source i s small. 
We can conclude that, to the nearest order of 
magnitude or so, the charge released to the a i r by the 
melting snow i n the case considered was 0,5 esu gm"^  I 
(0.16 jiC kgm"^) , which compares well with measurements y 
by the other methods already mention^. 
7.3 Measurements 
Although apparatus for measiuring conductivity was 
not avai l a b l e , i t was f e l t worthvdiile to t r y to measure 
the convection current from snow, i f only to define more 
cl o s e l y the melting conditions under vdiich charge 
separation might be expected. Preliminary measurements 
were made i n the winter of 1965-66, but t h i s was done 
before the above theory was vrorked out, and the measure-
ments were not accompanied by wind and temperature 
gradient determinations. In any case, a possible charge 
density gradient was detected on only one occasion. 
Unfortunately, the winter of 1966-67 was almost 
e n t i r e l y without snow at Durham. Two days of measurements 
were obtained there, and three more on t r i p s into the 
Pennines, but even there snowfall was cranparatiyely l i g h t . 
The temperature gradient was measured, as described i n 
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section 5.3.3, and the wind a t 0.5 and 1 m. Space-
charge density measurements were made at the same heights, 
but, as only one collect o r was available, these had to 
be made successively and not simultaneously. 
On no occasion was any space-charge density gradient 
. observed. For a l l the s i t e s , u^ exceeded the c r i t i c a l 
value at the wind-speed used, but for the three s i t e s i n 
the Pennines the value of calculated was found to be 
rid i c u l o u s l y small (less than 10~^ m), indicating either 
that the ground was too rough to apply the equations, or 
that one of the anemometers was faulty. The satisfactory 
readings were taken on a football pitch at Durham. 
For one, u^ was 0.46 m s~^, the 1 ra wind-speed 0.83 
m s""^, and the temperature difference between 0.5 and 1 m 
was 4.18 degC; for the o t h ^ , u^ was 0.32 m s'^, the 1 m 
wind-speed 0.49 m s"^, and the temperature difference 
0.07 degC, which i s probably not s i g n i f i c a n t l y different 
from zero, bearing i n mind the probable error on the 
thermistor measurements. 
7.4 Proposed Experiment 
Measurement of charge separation on melting by any 
method i s beset by d i f f i c u l t i e s , and so i t i s not out of 
the question that t h i s method should y i e l d information 
useful i n evaluation of thunderstorm e l e c t r i f i c a t i o n 
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theories. However, the effects of dissolved gases and 
of c r y s t a l structure make i t clear that the most useful 
r e s u l t s would come from snow which melts soon after i t 
f a l l s , and I n an unpolluted region. The s i t e would also 
need to be l e v e l for a distance upwind of perhaps a few 
hundred metres to ensure reasonable horizontal uniformity 
• i n the a i r , and smooth. The problem i n t h i s country would 
be to find such a s i t e with snow-fall that could be r e l i e d 
upon, but which remained accessible through the winter. 
' The measureaents required would be: 
(a) Wind-speed at two heights (say 0.5 and 1 m) ; 
(b) Temperature a t the same heights; 
(c) Space-charge density at the same heights; 
(d) Total conductivity and potential gradient at 
''- "about;-d.7r5 Hi; • 
(e) Humidity at the two heights.. 
From (a) and (b) could be calculated the heat flux to the 
snoW siurf^ce, frcaa (^) and. (c) the convection current, 
from (d) the .conduction curr^ and from (a) and (e) the 
water vapour flux, fi^cp which could ; be ^  d the 
proportion ot the heat flux evaporating the melt-water, 
and the proportion melting the snow. 
In the author's opinion, t h i s would be a worth-while 
experiment on a suitable accessible s i t e with predictable 
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snow-fall and melting conditions, but i s probably 
unsuitable for the climate of England, although i t 
might conceivably be possible elsev^ere i n B r i t a i n . 
CHAPTER 8 
POINT DISCHARGE AND FOG MEASORMEMTS 
This chapter describes measurements made of point 
discharge currents and i n fog. They are grouped together 
because i n both cases the space ch«u:ge i s emitted from 
an elevated source, and blown away, d i f f u s i n g sideways 
as i t goes. The p o s s i b i i i t y of using such a sit u a t i o n 
i n d i f f u s i o n measurcanents i s considered. 
B.l The Point-Discharge Experiment 
8.1.1 Point Discharge from Trees 
Since the f i r s t suggestion that corona discharge 
from points connected t o the ground might make a 
si g n i f i c a n t contribution t o atmospheric e l e c t r i c a l 
processes, various attempts have been made t o measure 
the current i n high p o t e n t i a l gradients from l i v i n g trees, 
vjhich probably constitute the majority of such points over 
land, and t o assess the t o t a l current from a large area. 
Milner and Chalmers (1961) attempted t o by-pass the current 
down the trunk of a tr e e by inserting electrodes at 
d i f f e r e n t heights, and found that a lime tree i n l e a f , 
about 15 m high and the same distance from the nearest 
other trees, began t o discharge v^en the ^nbient 
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p o t e n t i a l gradient reached a threshold value of about 
1000 V m"^ , Ette (1966) , and Jhawar and Chalmers (1967) 
have shown that t h i s niethod does not measure the t o t a l 
current down the t r e e , and so the measureaent by 
Milner and Chalmers of about 2 jiA i n a potential gradient 
of 2500 V m""^  i s presumably an under-estimate. Maund 
and Chalmers (1960), measuring the depression of 
p o t e n t i a l gradient downwind of trees, calculated that a 
12 m sycamore i n f u l l l e af gave less than 1 joA of space 
charge i n a p o t e n t i a l gradient of 7000 V m*"^. Using 
the same technique on a l i n e of poplar and ash trees, 
Maund (1358) shoved that these had a threshold potential 
gradient of about 1100 V m"^ , and that the current i n 
summer, with the trees i n l e a f , was about one-third the 
winter value. Bent, C o l l i n , Hutchinson and Chalmers 
(1965) measured d i r e c t l y the space charge during a 
thunderstorm downwind of a l i n e of ash trees i n bud, and 
estimated the ciirrent per tree required t o produce i t t o 
be of the order o£ 1 ph. Their potential gradient 
measurements were made i n tlie region heavily influenced 
by the space charge they measured, and cannot therefore 
be related to measurements by other workers. 
Jhawar and Chalmers (1967) insulated a small 
l i v i n g t r e e , and placed i t between two metal plates t o 
X 
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\ * i c h a voltage difference was applied. They found the 
r e l a t i o n of the current i t o the voltage V when t h i s had 
reached a threshold value t o have the form 
(>^ -^ 'oy (8.1) 
This ^periment makes i t seem l i k e l y that the current 
from a tree i n a thunderstorm f o l l o v ^ a cubic r e l a t i o n 
with p o t e n t i a l gradient, although Milner and Chalmers 
(1961) found a l i n e a r r e l a t i o n for t h e i r t r e e , and so did 
Haund (1958) for his l i n e of trees. 
The measurements on individual l i v i n g trees, 
although few i n ntMPber, agree i n showing that discharge 
begins when the p o t e n t i a l gradient reaches about 1000 V 
m""^ , with the measureaent of Maund and Chalmers on the 
sycamore as a notable exception. Tlhen we consider the 
t o t a l charge transported from a large area dvuring a storm, 
there i s more roask f o r doubt. Experiments with a r t i f i c i a l 
points have found r a t i o s of negative charge t o positive 
charge brought t o earth over periods of months between 
1.3:1 and 2.9:1, and point discharge current would 
therefore contribute t o the "charging current" of the 
Earth's f i e l d . However, the problem of extrapolating 
from a single point t o a large area containing many trees 
o f d i f f e r e n t exposures makes estimation of the t o t a l 
current from t h i s source d i f f i c u l t . Most workers have 
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obtained charge transfer rates i n England of roughly 
100 C km~^ Y^"^ or rather more, i n which case point 
discharge makes up the greater part of the charging 
current. Such figures are based on estimates of the 
" e f f e c t i v e separation" of points, derived either by 
counting trees, making allowance for t h e i r exposure, or 
frcsn r a i n currents. The extrapolation from i n d i v i d u a l 
trees t o a large area i s s t i l l a matter of doubt. 
Wormell (1930) pointed out t h a t the t o t a l point-discheurge 
current was l i k e l y t o be governed by the cloud and not 
the nature of the surface, and t h i s idea has been 
developed by Chalmers (1952a, and 1967 section 9.25). 
The v e r t i c a l current over a thundercloud has been shown 
t o be of the order of lA, and the current underneath the 
cloud must be the same. I n the absence 5f any other 
charge transfer process l i k e l y t o be of s u f f i c i e n t 
magnitude, point discharge must provide most of t h i s 
current, and i f the points on the ground are small, the 
p o t e n t i a l gradient a t the ground w i l l Increase u n t i l the 
t o t a l current they give i s equal t o the current above the 
cloud. 
The measurement described here, although unconfirmed, 
must apparently be explained by point discharge at a small 
clump of trees, and forms an addition t o the sparse 
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experimental data on t h i s subject. 
8.1.2 Outline of Method 
Maund and Chalmers (1960) have shown that the 
space charge flowing from an isolated point at height 
h has v i r t u a l l y the same effe c t on the po t e n t i a l gradient 
at a horizontal distance o f down^nd from the point as 
an i n f i n i t e l i n e of charge, provided that «A<. jTk. 
This case has been treated by Davis and Standring (1947) 
obtained an expression f o r the potential gradient due 
. t o the charge 
vAiere Ca i s the p e r m i t t i v i t y of free space, and u the 
wind-speed. 
K group of trees can be considered as a large 
nuit4>er of discharging points, each of vrfiich w i l l produce 
t h i s p o t e n t i a l gradient reduction d i r e c t l y downwind. The 
f i e l d m i l l can only be d i r e c t l y downwind of one part of 
the clump, however, and the f i e l d contribution at the 
m i l l from other points w i l l be less. Maux»3 (1958) stated 
t h a t i f the wind blows at an acute angle ^ t o the l i n e 
j o i n i n g the point t o the m i l l , the expression (8.2) 
becOTies 
x^Ua ^ \ (8.3) 
Pl^.^'l EFFECT OF PfA/fTC SIZE OP <;^ «Cou#> 
OF T/LBB$ 
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This i s not quite equivalent t o the case under 
consideration, because fo r a point i n a group of trees 
the distance D must be substituted f o r d i n (8.3) (see 
f i g 8.1), giving 
P « ~ : F l + i 1 (8.4) 
Using t h i s formula, the effect of the f i n i t e size 
of the clump can be assessed for a p a r t i c u l a r case. 
8.1.3.The Experiment 
During May 1967, an unusually long spell of thundery 
weather occurred at Durham, and the opportunity was 
taken t o carry out an experiment similar t o those of 
Maund and Chalmers. The three f i e l d - m i l l s were used, 
with t h e i r ranges extended as described i n section 5.2.3, 
wi t h one placed upwind and another downwind of a group 
of three deciduous trees i n f u l l l e a f . There was an ash 
t r e e i n bud nearby, and the t h i r d m i l l was placed downwind 
of t h i s , i n the hope that i t might be possible t o compare 
i t s characteristics with those of the clump. 
Unfortunately, on the only occasion for vAlch a useful 
record was obtained, the wind was blowing roughly from 
the clump t o the ash t r e e . 
A plan of the group of trees i s shown i n f i g 8.2, 
where A i s a hawthorn 10.7 m high, B a 15.9 m lime tree. 
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and C a 14.2 m plane t r e e . The nearest trees upwind 
were i n a small group about 12 m high t o the north of 
the Observatory, which was 130 m SW, The record of the 
10 m anemometer at the Observatory was used for wind-
speed information. 
8«1«4 Results and Discussion 
Fig. 8.3 shows part o f the record obtained when 
two or three decaying cumulonimbus clouds passed nearby, 
the f u l l l i n e showing the upwind m i l l record, and the 
dotted l i n e the downwind. I t can be seen that at low 
p o t e n t i a l gradients the outputs of the two m i l l s 
generally agreed t o w i t h i n 50 V m~^  - the accuracy t o 
^ i c h the records could be read. On three occasions of 
high p o t e n t i a l gradient (at 1141, 1147, 1226), however, 
the dovmwind m i l l read substantially less than the upwind, 
and the difference was especially well-marked for the 
peetk at 1141, where the difference exceeded 200 V m"^  
for over 3 min. The only explanation for t h i s seems to 
be a soiurce of space charge between the m i l l s , and, 
although i t i s unwise t o be too dogmatic on the basis of 
one record, point discharge at the trees obviously 
provides the best explanation. 
The clump was 20 m wide perpendicular to the wind 
d i r e c t i o n . Referring to f i g 8.1, what appeared from the 
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m i l l t o be the edge of the clump would make an angle 
^ of about 22°. Comparing equations (8.2) and (8,4), 
i t follows that the p o t e n t i a l gradient decrease on the 
downwind m i l l due t o discharge at the edge w i l l be only 
about 60% of v;hat would be measured i f the m i l l were 
d i r e c t l y downwind from the edge. We can therefore 
expect the value of the current for the ^ o l e group 
derived from (8,2) t o be too low by not more than two-
f i f t h s , and probably by much less than t h a t , since the 
highest parts of the trees were near the centre. 
Table 8.1 shows the current calculated from (8.2) 
f o r the four main peaks, taking d as 26 m, and h as 14 
m. ( I t w i l l be noticed that f o r these dlmfnslons d i s 
s l i g h t l y greater than /§ h; d was o r i g i n a l l y set by the 
height of the t a l l e s t t r e e , 15.9 m, but i t seems 
reasonable t o take the centre of the space-charge plume 
as a l i t t l e below t h a t . I n any case, the error w i l l not 
be great.) 
Table 8.1 The four potential gradient peaks 
Time Upwind P,G. Reduction Mean Wind-Speed 
1220 - 950 V m"-*- 0 V m"^  2.5 m s""-^  
1226 + 1000 170 3.1 
1147 +1150 150 2.5 
1141 - 1650 300 3,4 
0 pA 
0.22 
0.16 
0.42 
I t seems probable that the 1141 current at least i s 
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s i g n i f i c a n t . As already mentioned, the calculated 
value must be increased t o allow for the f i n i t e size 
of the clump. 
8.1^5 Conclusion 
The record seems t o show that the group of trees 
s t a r t s t o discharge at s l i g h t l y less than - 1000 V m"^ , 
and gives a t o t a l current of about 0.5 ^ at an ambient 
po t e n t i a l gradient of -1650 V m"^ . I t seems l i k e l y that 
most of the charge originated at the two t a l l e r trees, 
which overshadowed the hawthorn. This re s u l t i s 
consistent with a l l others for trees i n lea f , except that 
of Maund and Chalmers (1960) on the sycamore, which 
renalns unexplained. 
8.2 Fog Measurements 
8,2.1 Power-Line Insulation Breakdown 
Chalmers (1952b) showed that negative potential 
gradients observed i n fog were associated with overhead 
power.lines> and proposed that space charge produced by 
p a r t i a l breakdown at the insulators was responsible. 
Several workers have since confirmed the observation, 
and have shown that the charges can survive f o r miles 
downwind. Bent and Hutchinson (1966) showed tha t the 
charges persisted even a f t e r the mist had evaporated. 
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and also a t t r i b u t e d negative space charges on humid 
nights t o the formation of dew on the insulators. 
Groom and Chalmers (1967) showed that the charge was 
indeed produced at the pylons, and suggested that 
discharges r e s u l t i n g from the breakdown of surface 
i n s u l a t i o n would produce electrons. I f these were produced 
at the negative peak of l i n e voltage, they would be 
repelled from the l i n e , and might then form negative 
small ions before they could be attracted back t o the l i n e 
i n the positive h a l f of the voltage cycle. The ions, 
having a lower m o b i l i t y than the electrons, would not be 
attracted back a l l the way t o the l i n e , and could be blown 
away by the wind. 
The problen of surface breakdown on damp insulators 
i s well-known t o e l e c t r i c a l engineers, and much e f f o r t 
has been put i n t o designing insulators that w i l l not form 
a damp layer over the vdiole surface and are easy t o 
clean, for the problem arises not from a layer of pure 
water, but the moistening of a deposit of p o l l u t i o n , 
forming a conducting layer. The problem i s reviewed from 
t h i s point of view by James (1965). -According t o James, 
insulators are designed t o give a uniform voltage drop 
dovm from the cable t o earth. A conducting surface layer 
means that the lines of force ending on the Insulator w i l l 
be perpendicular t o the surface rather than oblique t o i t . 
J-
CM 
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leading t o concentration of the lines of force and 
perhaps corona discharge on the more highly curved parts 
of the surface. The current flowing i n the moist layer 
may be several milliamperes and so there i s quite 
s u f f i c i e n t charge flow t o sustain a corona discharge 
current of some microamperes. I n addition, the heating 
produced by the current may dry part of the current-path, 
leading t o a discharge along the surface. 
I t i s clear that the electrons produced w i l l be 
influenced by the f i e l d at the insulator surface, and 
not by a simple r a d i a l f i e l d frcan the cable. The 
p r i n c i p l e of the theory of Groom and Chalmers i s not 
affected, however. 
Dr. J.S. Forrest, F.R.S., of the Central E l e c t r i c i t y 
Research Laboratories, (personal communication t o Groom) 
has pointed out that on the higher voltage cables. 
Operating at 275 and 400 kv, corona discharge occurs on 
the conductors themselves, and has suggested that t h i s 
might contribute t o space charge, especially as wind-
speed i s observed t o a f f e c t the phencsnenon. 
8.2.2 Measurements 
Throughout the experiments, negative i ^ c e charge 
was observed to be generally associated with mist. Durham 
i s now surrounded by power l i n e s ( f i g 8.4) and the wind 
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d i r e c t i o n makes l i t t l e difference. At Mordon, on one 
occasion, a change w i t h i n h a l f an hour from positive 
space charge and p o t e n t i a l gradicmt t o negative was 
associated with the passage of a sea breeze f r o n t , the 
vdnd bringing mist frcOT the coast, and passing a 275 kV 
l i n e on the way. 
As regards the minimum voltage required t o produce 
appreciable charge, i t was found that l i n e s of 66 kV and 
above gave negative charge i n mist whenever measurements 
were made. On two occasions, attempts were made to detect 
charge from 20kV l i n e s , by measuring the space charge 
upwind and then downwind of the l i n e s . On the f i r s t , 
the wind was about 10 m s*"^  (at 10 m) and the v i s i b i l i t y 
about 4 km; on the second, the wind was about 15 m s"^ 
and the v i s i b i l i t y 1^ km. No s i g n i f i c a n t charge 
production was measured on either occasion. 
During mist i n a north-easterly wind of less than 
1 m 3 ^, the opportunity was taken of measuring the 
space-charge density i n mist blowing o f f the sea. This 
mist, of course, xTOUld not have had contact with power 
l i n e s . The charge density at the C&servatory was about 
- 8 pC m"^ , but on the sea-front at Marsden (NZ 403645), 
about 26 km NE, the charge was + 9.5 pC ra"^: a normal 
fair-weather value. By a fortunate chance, the period of 
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measurement coincided with the passage of a front, and 
v/lthin an hour the wind at the coast was blowing off the 
land, although s t i l l very l i g h t , and the charge had 
changed to - 14.5 pC m . Although conditions are 
perhaps not r e a l l y comparable, the space-charge density 
i n a cloud was also measured on one occasion, and found 
to be positive. This was during one of the snow 
measurements a t 650 m above sea l e v e l i n the Pennines, 
when descending nimbostratus enveloped the apparatus, 
and the charge density was observed to be indistinguishable 
from j u s t below the cloud, v i z . + 24 pC m~^ . 
Attempts were also made to meastire how the r a t i o 
of the concentrations of small and large ions depended 
on the distance from the pylons, as suggested by Groom 
(1966)• The small ion f i l t e r (section 4.5.1} was used. 
A measurement was made i n mist not pa r t i c u l a r l y close 
to any l i n e s , and when t h i s f a i l e d to detect any small 
ion concentration at a l l , the measuronent was repeated 
immediately underneath the support pole of a 66 kV l i n e 
i n a v i s i b i l i t y of 1 km, and no detectable wind. Like 
most of the fog measurements, t h i s was carried out at night, 
and the sparking on the l i n e insulators could be seen. 
However, there was s t i l l no detectable difference between 
the t o t a l space-charge density andthe large ion space-
charge density. A subsequent laboratory t e s t confirmed 
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that the small ion f i l t e r was s t i l l functioning. 
Although t h i s unexpected r e s u l t needs confirmation, i t 
s e ^ s that the lif e t i m e of a small ion i n mist must be 
considerably l e s s than a minute. 
An attempt was also made to measure systematically 
another sort of variation with distance. I t was noticed 
that i n l i g h t winds there was a decrease i n the negative 
space-charge, density with distance downwind from the 
pylons, and, since t h i s was presumably due to the 
diff u s i o n upwards of the charge, measurements were made 
to see i f t h i s could be used to investigate the actual 
d i f f u s i o n processes themselves. The experiment was 
usually carried out at night, ^ e n the mist was thicker, 
the wind conditions steadier, and the t r a f f i c pollution 
l e s s . I t was, of course, impossible to conduct 
. simultaneous measur@aients at different distances, and 
the shortness of the lif e t i m e of the colle c t o r before 
insulation breakdown under these conditions added to the 
problems. In fact , the decrease of density with distance 
did not seem to be related systematically to the \7ind-
speed. I n a t y p i c a l case, i n a v i s i b i l i t y of 4 km and 
a wind-speed of about 1 m s""^, the space-charge density 
decreased frcm -23 pC m""^  130 m downwind from the pylons 
to-1 pC m"*^  at 1750 m. As would be expected, i n these 
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l i g h t winds measurements near the l i n e s showed rapid 
variations with time, presuxaably as the wind-direction 
changed s l i g h t l y , blowing the plumes of charge from the 
pylons towards or away from the apparatus. 
Also i n an attempt to see how the dilution rate 
varied with wind, measurements at the Observatory i n 
mist were examined to see i f space-charge density values 
could be related to wind-speed and direction, but once 
again there was no apparent regularity. Presumably 
other factors, such as t r a f f i c pollution, are more 
important. 
8.2.3 Conclusions 
The measurements generally confirmed what was 
already known about space charge produced at pylons i n 
mist. I t seems that l i n e s of 20 kV and below do not give 
appreciable charge, but that l i n e s of 66 kV and higher 
give negative charge even v^en the v i s i b i l i t y i s 4 km: 
i t i s probably the r e l a t i v e htimidity that matters. 
Measurements suggest that i f the negative charge i s 
i n i t i a l l y i n the form of small ions, i t i s captxired by 
leorge ions i n l e s s than a minute. The amount of charge 
produced at a l i n e would be expected to be related to 
the pollution deposit on the insulators. 
The possdLbility of using space-charge measurements 
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i n d i f f u s i o n studies w i l l now be considered further. 
8.3 Possible Diffusion Experiment 
The decrease of space-charge density with increasing 
distance dovmwind of pylons suggests that i t might be 
possible to use such meas\irements to carry out studies 
on the diffusion of pollution from a point source, such 
as has been done with smoke from factory chimneys. An 
elevated point charged to a high potential could provide 
the space charge by point discharge, as i n the experiment 
of liarge and Pierce (1957). The current flowing could 
e a s i l y and accurately be controlled and monitored, t h i s 
perhaps providing the c h i e f advantage over conventional 
methods of study. The height of the point could also 
be changed at w i l l . Downwind, i t might be possible to 
use potential gradient measurements at the ground, l i k e 
those of Maund and Chalmers (1960), or a more d i r e c t 
method of space charge measurement. Close to the point, 
i t might be possible to erect a f i l t r a t i o n space-charge 
c o l l e c t o r on a derrick, which would have to be of 
insulating material, to avoid interference from the 
electrode e f f e c t , as observed by Bent and Hutchinson 
(1966). This would probably s t i l l give trouble by charge 
separation near the earthed e l e c t r o s t a t i c shield of the 
c o l l e c t o r i Such an arrangement would be clumsy, however, 
and useful measurements are more l i k e l y to be feasible 
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at a greater distance from the source, where the 
apparatus could be mounted nearer the ground without 
appreciable error or could be used on an a i r c r a f t . 
The diffusion rates could be investigated by measuring 
the decrease of charge density with distance d i r e c t l y 
downwind of the point, and the density cross-section 
perpendicular to the wind direction. Because a discharge 
current of a few microamperes would provide a large 
amount of space charge (Chalmers (1952b) estimated the 
current from each pylon to be about 1 jih), Useful 
measurements should be feasible from t h i s point of view 
for perhaps a dozen kilometers downwind. 
Account would have to be taken of the effect on 
charge movement of the ambient fair-weather potential 
gradient, and the r a d i a l potential gradient produced by 
the plume i t s e l f . The r a d i a l potential gradient would 
be strongest near the soturce, of course. Analytical 
calcu l a t i o n i s d i f f i c u l t , but the t e s t experiments of 
Maund and Chalmers (1960) on their theory seem to show 
that i t s effect should be negligible near the source. 
As was pointed out i n section 2.4.1, the movement of 
even small ions i n the fair-weather potential gradient 
i s much slower than t h e i r movement by diffusion, and i t 
i s probable that the ions produced by the discharge 
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would not stay as small ions very long. However, the 
potential gradient produced by the plume and the 
ordinary atmospheric potential gradient would probably 
produce an appreciable e f f e c t over large distances, 
although i t might be possible to allow for t h i s . 
The time for vdiich the ions produced at the source 
would ranain small can be roughly calculated by considering 
how f a r the plume would have travelled before the volume 
i t occupied contained as many nuclei as small ions. 
Referring to f i g 8,5, suppose the point-discharge current 
i s i , the wind-speed u, the number of nuclei per unit 
volume i s V and the r a t i o ^of r to x i s k. The number 
of small ions of charge e i n unit length of the plume i s 
c l e a r l y i/eu, and i n length x i s Ix/eu, The number of 
nuclei i n t h i s volume i s Trk*x^ xjl ^ and these 
numbers are equal when 
Taking i = 1 jaA, k « lo""^, e = 1.6 x lo"^^ C, u » 5 m s"^, 
X e 10"^  an"^ « 10^ m"^ , t h i s gives x » 450 m approximately. 
This i s only a rough calculation of coarse, but i t 
indicates that we can expect the plvnae to consist mainly 
of large ions at something l i k e 1 km from the source. 
The f e a s i b i l i t y of t h i s experiment c l e a r l y requires 
further investigation, especially from the point of view 
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of the influence of the potential gradients on the ion 
concentrations a t the ground. The influence of this 
factor on the spread of pollution from conventional 
sources does not seem to have been taken into account. 
The p r i n c i p l e consideration i s , however, whether any 
useful new information oould be obtained by such a 
technique. A con^rehensive survey and bibliography of 
diffusion from a point source i s given by Pasguill (1962) 
The experin^nt would c l e a r l y require a s i t e with no 
other space charge sources for a large distance. 

CHAPTER 9 
OTHER MEASUREMENTS 
9.1 Normal Fair-Weather Space Charge 
In f a i r weather, the space-charge density at 1 m 
almost always lay i n the range 0 - 25 pC m"^  (0-150 e 
cm ) . Since t h i s charge probably comes for the most 
part from a r t i f i c i a l sources, i t i s unsafe to draw any 
conclusions about the presence of natural processes. 
9.2 Pollution Effects 
I t has been noted by veurious workers that the 
exhaust of road vehicles sometimes gives positive space 
charge. This was noticed on several occasions, and the 
in^ression was gained that cars passing along a road had 
l i t t l e or no ef f e c t , and neither did heavy vehicles going 
downhill, but that l o r r i e s or buses going u p h i l l , with 
thei r engines working hard, produced copious positive 
charge. This may indicate that the charge i s produced 
primarily by d i e s e l engines, which was the finding of 
Miilheisen (1953). Pig 9.1 i s a copy of part of a record 
taken during fog measurements. The Land-Rover was parked 
beside a road with a s l i g h t slope. I t can be seen that 
the only ef f e c t c e r t a i n l y attributable to a vehicle was 
due to a lo r r y going u p h i l l , which produced a space-charge 
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density peak about 55 pC m""^  high. In principle, i t 
should be possible to estimate the current flowing from 
the vehicle, but i n t h i s case i t i s d i f f i c u l t because 
the wind was blowing almost d i r e c t l y along the road. 
I f we assume that the component perpendicular to the road 
was OA5 m s""^, then the time the charge pulse took to 
pass (50 s) corresponds to an "intersection length" of 
25 m. I f we assume the l o r r y produced a plume of space 
charge 25 m i n diameter with i t s axis horizontal, and was 
t r a v e l l i n g a t 15 m s~^, the volimie of space charge 
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produced every second was "T x 12.5 x 15 m , corresponding 
to a current the order of 0.5 juA. 
As was remarked i n chapter 2, i t i s well known that 
steam trains produce space charge, but there seem to be 
l e s s data on d i e s e l locomotives. At Mordon, as already 
noted, t r a i n s could be seen passing about 0.5 km away, 
but, even with the wind blowing d i r e c t l y from the l i n e , 
there was never any fluctuation of potential gradient 
or space charge density \*iich could be associated with 
them. 
On one occasion at Mordon, with clear skies and a 
s l i g h t haze giving a v i s i b i l i t y of 4 - 5 km, the potential 
gradient was steady at about + 300 V m~^  - much higher 
than usual - although the space-charge density had a 
s' normal fair-weather value. The wind was blowing from the 
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east, and the eff e c t may have been due to pollution 
from Imperial Chemical Industries' petrochemical plant 
at Billingham, 12 km upwind. 
9»3 Precipitation current 
During the point-discharge experiment (section 
8.1.3), when the three f i e l d - m i l l s were spread out 
roughly i n a l i n e , with about 50 m between each and the 
next, a period of heavy r a i n and h a i l was experienced. 
The f i e l d - m i l l s , although not inverted, continued to 
operate, and gave an output with very rapid fluctuations 
i n both directions. On a l l three m i l l s , the same 
fluctuations occurred simultaneously: the way i n which 
the three recorder pens moved together was very s t r i k i n g . 
Precipitation current, caused by the rain-drops giving 
t h e i r charge to the vanes of the m i l l s , would give 
negligible output, and wind-blown charge would not have 
affected a l l three m i l l s simultaneously. The f i e l d 
changes seem l i k e l y to be due to charge carried on the 
precipitation above the m i l l s , and the fact that the 
changes were simultaneous indicates that on t h i s 
occasion of heavy r a i n and h a i l , fluctuations of 
precipitation current occurred with periods of le s s than 
one second, and the changes were simultaneous over 
horizontal distances of about 100 m. Similar observations 
might be useful i n precipitation studies. 
CHAPTER 10 
SUGGESTIONS FOR FURTHER WORK 
Section 4.7 gives recommendations about the design 
of future space-charge c o l l e c t o r s , and further possible 
experiments on the charge released by melting snow and 
on diffusion are discussed i n sections 7.4 and 8.3 
respectively. 
10.1 General Observations 
As has been indicated i n chapter 4, the space-charge 
measurement apparatus used was found to be not very 
s a t i s f a c t o r y for transport, and the author would not 
recommend attempting an experiment of t h i s type with 
mobile apparatus. Breakdowns were frequent - i t often 
seemed that three days i n the f i e l d were necessary for 
one day of useful readings - and the equipment took a 
long time to set up and dismantle. Apart from the time 
taken for t r a v e l , i t usually took about an hoiu: to set 
up the apparatus a t Mordon and to get i t working, and 
another to take Lt down again. I f there i s any choice 
i n the matter, an experiment on a fixed s i t e i s much to 
be preferred. I f the recommendations of section 4,7 were 
adopted, space-charge measurement from a vehicle could 
become f a i r l y r e l i a b l e , but to attempt to run a whole 
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experiment with much apparatus on a mobile basis means 
much time v/asted. 
10.2 The Space-Charge Pulses 
As was mentioned i n chapter 6, the most obvious 
approach to the problem of the space-charge pulses i s 
to attempt to trace the source of the charge. I t appears 
i t would be necessary to use two co l l e c t o r s , of which 
one a t l e a s t would have to be mobile. With these, 
atteatpts could be nade to detect the same pulse at 
d i f f e r e n t places perhaps a few hundred metres apart, to 
confizrm that the pulses do move with the wind. I t could 
be seen whether their magnitude changes with time, and 
perhaps whether they have an id e n t i f i a b l e source. 
On a suitable s i t e , simultaneous measurements of 
Richardson's number (section 1.3.3) could confirm that 
the pulses are indeed associated with free convection. 
The surprising lack of correspondence with tesqperature 
or potential gradient fluctuations needs to be confirmed. 
10.3 Point Discharge 
As potential gradient i s so easy to measure 
accurately, i t i s surprising that the method of Maund 
and Chalmers (1960) has not been used more widely, 
e s p e c i a l l y as t h e i r r e s u l t on the sycamore was so un-
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expected and possibly very important i n computation of 
the charge "balance sheet" of the Earth. I t should be 
easy to apply the method to a wood, since by integrating 
equation (8,4) the potential gradient due to discharge 
from an extensive width of trees could be c a l c u l a t e . 
This i s an interesting and complicated problem, since 
the trees are not only shielded by the presence of t h e i r 
fellows, but by the space charge they produce upwind. 
In a place l i k e Durham, with r e l a t i v e l y few 
thunderstorms, such an experiment might have to wait a 
long time for readings, but as i t would be very simple 
to perform and would require l i t t l e apparatus, t h i s i s 
not a great problem. The study of a single tree, or of 
a clump l i k e that discussed i n chapter 8, over a 
considerable period, might give valuable information of 
the r e l a t i o n of current with potential gradient. 
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